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ABSTRACT 
 Most commercially produced plant containers are manufactured from petroleum-
based plastics. Plant containers typically have a short useful lifespan and are discarded 
into the solid-waste stream when no longer needed. This generates millions of pounds of 
residual plastic waste, and ultimately that waste enters the environment. Biocontainers 
are plant containers manufactured from a variety of bio-based materials and offer a more 
sustainable alternative to conventional petroleum-plastic pots in commercial horticulture. 
However, researchers have identified functional deficiencies in commercially available 
biocontainers that make them less desirable to commercial container-crop producers. 
Bioplastics and biocomposites can have physical properties similar to petroleum plastics, 
and have demonstrated potential for replacing conventional plastic containers in research 
settings. This does not, however, reflect their performance in commercial crop production 
settings or commercial crop producers’ interest in using them.  Additionally, it is not well 
understood how crop cultural factors such as substrate moisture management may affect 
quality of bioplastic containers or how containers affect the efficacy of cultural practices 
such as plant growth retardant (PGR) drenches. This thesis describes research conducted 
to address and discuss these objectives, as well as new potential gaps in knowledge 
regarding production of flowering ornamental plants in bioplastic-based biocontainers. It 
can be concluded that commercial producers in the upper Midwest U.S. can produce 
high-quality crops in these containers and are interested in using them. Plants grown in 
coconut coir and peat-based biocontainers require lower concentrations of PGR drenches 
compared to other container types, and lowering substrate water content during 
production reduces degradation of bioplastic biocontainers. 
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CHAPTER 1. LITERATURE REVIEW 
 
Container Crops and Plasticulture 
 Humans have used containers to grow and transport plants since the Neolithic era 
(approximately 10,000 B.C.; Janick, 2002). Clay or terracotta pots and wooden containers 
are among the oldest types of plant containers, and were the predominant type of plant 
container used for various horticultural applications until the mid-1900s (Currey, 2016). 
The advent of petroleum-based plastics and modern polymer technology, however, 
quickly revolutionized container-cropping technology employed by greenhouse and 
nursery growers. Since the 1950s, petroleum-based plastic containers have become the 
standard in containerized plant production (Currey, 2016).  
 The shift away from using wood or clay, and subsequent adoption of petroleum-
based plastic containers in greenhouse and nursery crop production, occurred for several 
reasons. Wood, though it can be cut or milled into a wide range of shapes and sizes, has 
not been historically used to manufacture single-use containers. While clay or terracotta, 
likely the most historically significant material used to make plant containers, is durable 
and malleable, is heavy and shatters when dropped. Though effective and used for many 
years by container-crop producers, the weight and fragility of terracotta pots hampered 
the ability to ship containerized plants long distances. This was primarily due to elevated 
freight costs and breakage during transport (Currey, 2016).  
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Petroleum-based Plastic Containers 
Petroleum-based plastics are considerably lighter in weight than clay, and can 
have strength-to-weight ratios exceeding those of steel, depending on the specific 
polymer or composite (Lampman, 2003). A well-known example of an incredibly strong 
plastic is Kevlar, which is used in the production of bullet-proof vests (Grewell, 2016). 
The high strength and durability of petroleum-based plastics, along with relatively low 
weight compared to ceramic containers, breakage during shipping and reduced freight 
costs that previously made shipping container crops long distances economically 
prohibitive (Currey, 2016). Additionally, petroleum-based plastics became desirable in 
the manufacture of horticultural containers, as they were generally low in cost and could 
be molded into a wide variety of shapes and sizes (Evans and Hensley, 2004; Hall et al., 
2010; Helgeson et al., 2009). As they pertain to horticultural containers today, the 
aforementioned physical and functional traits of petroleum-based plastics hold true. As a 
result, petroleum-based plastic containers have fundamentally transformed the container-
crops industry over the past several decades, and plastic plant containers are available to 
producers in almost any size, color, or shape imaginable.  
However, the intensive use of petroleum-based plastic containers in containerized 
crop production has created significant waste disposal and environmental concerns 
(Evans and Hensley, 2004). Millions of petroleum-based plastic containers are used 
annually in horticultural crop production (Schrader, 2013). Less than 1% of all 
petroleum-plastic horticultural containers produced annually are reused long-term, while 
the remaining ~99% are used for short-term crops and are predominately single-use 
containers (Schrader, 2016). Efforts to recycle horticultural plastics and divert them from 
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the solid-waste stream have been successful on small scales (Botts, 2009; Peerless, 2011), 
but ultimately the vast majority of containers end up in landfills.  
 
Biocontainers 
Overview 
 In order to reduce the amount of plastic waste generated by container horticulture, 
greenhouse and nursery producers have sought alternatives to traditional plastic plant 
containers (Nambuthiri et al., 2015). In doing so, researchers and industry stakeholders 
(i.e. greenhouse and nursery growers, container manufacturers, etc.) have developed plant 
containers often referred to as “biocontainers.” Though the term has been used by many 
researchers, it is unclear as to whether any legal or technical definition for this term 
exists. For the sake of this thesis, the term “biocontainer” will be defined as: 
 
“A plant container manufactured primarily (≥95%) from 
bio-based materials that degrades in compost and/or soil in 
less than 2 years.” 
 
Biocontainers degrade at different rates depending on parent materials used, soil 
or compost temperature, moisture, available nitrogen, pH, and microbial activity 
(Nambuthiri et al., 2015). Per the above definition of “biocontainer,” however, these bio-
based plant containers can be discarded into composting or conventional solid-waste 
disposal systems. Ultimately, the use of biocontainers aims to eliminate residual plastic 
waste generated by (predominately single-use) petroleum-based plastic plant containers 
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(Schrader, 2016). Over the years biocontainers composed of a wide range of abundant 
and renewable, bio-based materials and agricultural waste products have been developed, 
evaluated, and integrated into commercial container-crop production.  
 
Current Biocontainers 
Peat-based biocontainers, known commercially as “Jiffy-Pots" (Jiffy Products of 
America, Lorain, OH, USA), were developed in the 1950s (Jiffy, 2017). Research over 
decades has demonstrated plants can be produced in peat-based biocontainers (Evans and 
Hensley, 2004; Lahde and Kinnunen, 1974; Mrazek, 1986). Along with peat-based 
biocontainers, plants have successfully been grown in other fiber-based containers 
manufactured from paper or wood pulp, and recycled paper or cardboard (Lopez and 
Camberato, 2011; McCabe et al., 2014). Other bio-based fibers and agricultural waste 
products have been used in the manufacture of biocontainers, including (but not limited 
to): bamboo (Biopot; Bellan International, Nanjing, China), cardboard (Kord Fiber Gro; 
Kord Products, Brampton, Ontario, Canada), coconut coir (ITML 04.50 coir standard pot; 
Myers Industries, Akron, OH, USA), dairy cattle manure (CowPot; Freund’s Farm, East 
Canaan, CT, USA), processed poultry feather (feather container; Tyson, Inc., Springdale, 
AR), rice hulls (NetPot/Rice Pot/Circle of Life; Summit Plastics, Akron, OH, USA), 
wheat starch (TerraShell/OP47; Summit Plastics), or wood fiber (Fertilpot; Fertil 
International, Boulogne-Billancourt, France; Nambuthiri et al., 2015).  
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Advantages of Current Biocontainers 
In addition to reducing petroleum-based plastics entering the solid-waste stream, 
biocontainers have economical functions that set them apart from conventional plastic 
containers. For example, biocontainers offer a potentially profitable solution to managing 
biological waste from other sectors of agriculture. For example, CowPots (Freund’s 
Farm) are manufactured from dairy cattle manure, which would otherwise need to be 
managed and disposed of in accordance with environmental regulations (Freund, 2015). 
Coconut coir-based biocontainers are manufactured from discarded coconut husks, and 
provide coconut plantations with a profitable means for diverting an agricultural waste 
product. Biocontainers may also provide container-crop producers with an advantage in 
the marketplace, as consumer perceptions of container-crop sustainability are highly 
impacted by the type of container used (Yue et al., 2011). Additionally, research has 
shown consumers are willing to pay a higher price for plants produced in biocontainers 
(Yue et al., 2010). 
 
Disadvantages of Current Biocontainers 
Many commercially available biocontainers are manufactured from fiber-based 
materials, but natural fibers cannot be processed in the same manner as injection-molded 
or thermoformed petroleum-based plastics. As a result, the variety of shapes and sizes in 
which fiber-based biocontainers can be manufactured is severely limited compared to 
conventional plastic containers. Furthermore, researchers have reported low mechanical 
strength among certain fiber-based biocontainers, and in some instances biocontainers 
have deteriorated prior to crops finishing (Koeser et al., 2013); certain types of 
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biocontainers can also incur damage during filling if automated pot-filling equipment is 
used (Koeser et al., 2013). Others reported biocontainers manufactured from porous or 
absorbent materials can cause growing media dry out more rapidly, reducing water use 
efficiency and requiring greater irrigation volumes compared to plants grown in 
petroleum-based plastic pots (Evans and Hensley, 2004; Evans and Karcher, 2004; Evans 
et al., 2010; Evans et al., 2015). In some cases this resulted in reduced growth compared 
to plants grown in petroleum-based plastic containers. Similarly, researchers have 
reported algal growth on the surface of biocontainers manufactured from absorbent 
materials (Conneway et al., 2015; Evans and Hensley, 2004).  
Research has shown ease of implementation is the most significant barrier to 
floriculture producers adopting sustainable practices (Hall et al., 2009). As virtuous as 
reducing plastic waste generated by single-use plant containers is, the current limitations 
of biocontainers could be discouraging to container-crop producers interested in 
sustainable alternatives to conventional plastic pots. It stands to reason that if the 
limitations of current biocontainers can be overcome, container-crop producers be more 
willing to adopt their use. Therefore, development of biocontainers that share desired 
characteristics of petroleum-based plastic pots but degrade when discarded would be 
beneficial.  
 
Bioplastics and Biocomposites 
Historical Uses and Markets 
 Petroleum-based plastics have been used in significant quantities since the 1940s, 
but man-made bioplastics are among the oldest and earliest plastics used commercially 
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(Grewell, 2016; Phillips, 2008; Pathak et al., 2014). In recent years the commercial 
bioplastic industry has seen major growth, and is projected to continue growing (Ellen 
Macarthur Foundation, 2014). Limited use of bioplastics in the plastics industry since the 
advent of petro-chemical plastics has largely been a function of undesirable properties, 
particularly water-sensitivity or brittleness (Grewell et al., 2014). Longevity may be 
important for plastics in certain applications, but agricultural plastics, especially plant 
containers, have short lifespans (McCabe et al., 2014; Schrader, 2016). As a result, 
biodegradable or compostable bioplastics and biocomposites have been identified as 
strong candidates for replacing petroleum-based plastics in the manufacture of single-use 
plant containers (Grewell et al., 2014).  
 
Bioplastic Feedstocks and Horticultural Applications 
 Polymers are long-chain molecules consisting of many (poly) repeating units 
(mers; Grewell, 2016a). Biopolymers occur naturally, including some well-known 
examples such as proteins, deoxyribonucleic acids (DNA), starches, cellulose, and lignin 
(Schrader, 2016). Man-made biopolymers, referred to as bioplastics, are derived from 
renewable starch or cellulose feedstocks such as beets (Beta vulgaris L.), cassava 
(Manihot esculenta Crantz), corn (Zea mays L.), potato (Solanum tuberosum L.), rice 
(Oryza sativa L.), sugarcane (Saccharum officinarum L.), wheat (Triticum spp. L.) or 
other sources, while petroleum-based plastics are derived from fossil fuels such as crude 
oil or natural gas (Grewell, 2016a; Lim et al., 2008; Nambuthiri et al., 2015). Though 
feedstocks for petroleum-based plastics and man-made bioplastics may differ, the 
underlying principle by which both are made is the same. 
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 Researchers have identified several bioplastics that show promise in horticultural 
applications (Grewell et al., 2014). Polylactic acid (PLA), polyhydroxyalkanoate (PHA), 
a modified soy protein-based polymer (SP.A; soy polymer plasticized with adipic 
anhydride), and a bio-based polyurethane derived from castor (Ricinus communis L.) oil 
are several materials that have yielded positive results, with respect to compounding, 
processing, or molding of plant containers. Though other man-made bioplastics exist, 
containers manufactured from the aforementioned will be the focus of the research in this 
thesis. 
 
Polylactic acid (PLA) 
 Polylactic acid is one of the most widely used and promising commercially 
available bioplastics (Auras, 2010; Yang et al., 2015a), and is a biodegradable polyester 
with mechanical properties similar to, or in some cases, superior to other polymers on the 
market (Julien et al., 2012). The fundamental building block of PLA is either of two 
stereoisomers of a common organic acid: lactic acid. L-lactic acid and D-lactic acid, the 
two stereoisomers, can be chemically synthesized, but are more commonly produced by 
the anaerobic fermentation of feedstocks using microbial cultures (Lim et al., 2008). The 
source of carbohydrates for the fermentation process can vary, but some of the most 
commonly used feedstocks for PLA are hydrolyzed starches derived from cassava 
(Manihot esculenta Crantz), corn (Zea mays L.), wheat (Triticum spp. L.), and potato 
(Solanum tuberosum L.; Auras, 2010). Though PLA is resistant to degradation by water 
and generally more rigid than petroleum-based plastics, it can be composted or broken 
down by soil microbes (Schrader et al., 2016a; Schrader et al., 2016b; Yang et al., 
9 
 
2015a). Additionally, PLA retains favorable physical characteristics when compounded 
with other polymers or bio-based fillers and can be processed using conventional plastics-
manufacturing equipment (Grewell et al., 2014; Lu et al., 2014a; Yang et al., 2015a). 
PLA is considered biodegradable, though it can degrade slower than other biodegradable 
polymers (Lu et al., 2014a).  
 
Polyhydroxyalkanoate (PHA) 
 Polyhydroxyalkanoate is a bio-based thermoplastic with physical characteristics 
similar to petroleum-based plastics that can be processed using conventional 
manufacturing methods (Schrader, 2016). Like PLA, PHA is a bio-based polyester 
produced through microbial fermentation of renewable agricultural feedstocks (Lu et al., 
2014b). Over 150 forms of PHA exist, however, poly(3-hydroxybutyrate) or P(3HB) is 
the most commonly produced and used type of PHA (Sudesh and Abe, 2010). 
Mechanical properties of PHA are very similar to those of petroleum-based plastics, 
though applications and widespread use are limited due to the relatively high cost 
compared to conventional petro-chemical plastics (Liu et al., 2011). In contrast to PLA, 
however, PHA is biodegradable in soil under ambient conditions and degrades rapidly in 
composting systems (Kratsch et al., 2015; Madbouly et al., 2014; Schrader et al., 2016b). 
 
Soy-based Bioplastic (SP.A) 
 Researchers have developed bioplastics from plant protein sources such as 
soybean (Glycine max) that can be compounded with other bioplastics and molded into 
plant containers (Kratsch et al., 2015; Schrader et al., 2013; Yang et al., 2015a). Plant 
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protein-based polymers, unlike bioplastics derived from microbial fermentation of sugars 
(i.e. PLA and PHA), allow for more efficient use of feedstocks (Srinivasan, 2010). For 
example, principle components of plant protein-based polymers can be extracted from 
coproducts of biofuel industries that only utilize the starch or oil component of a given 
feedstock. Historically soy protein-based bioplastics have been very hydrophilic and 
exhibited low water stability (Srinivasan, 2010; Swain et al., 2004). To address this issue 
different blends and ratios of soy protein isolate, soy flour, and PLA were compounded to 
produce plant containers that were both stable and capable of producing crops before 
deteriorating (Schrader et al., 2013). Furthermore, the addition of SP.A to PLA- 
bioplastic blends enhances the biodegradability of containers when discarded and could 
help decrease the cost of producing containers (Yang et al., 2015). 
 
Bio-based Polyurethane (PUR) 
Research has highlighted several functional deficiencies of commercially 
available fiber-based biocontainers (Evans and Hensley, 2004; Evans and Karcher, 2004; 
Evans et al., 2010). There is limited research examining means of improving performance 
and function of existing fiber-based biocontainers (Evans et al., 2015; McCabe et al., 
2014). However, researchers have hypothesized that applying bioplastic coatings to fiber-
based biocontainers may improve upon the functional failings such as deterioration of 
containers and poorer water use efficiency compared to petroleum-based plastic pots 
(McCabe et al., 2014). Of several bioplastics investigated, McCabe et al. (2014) found 
that dip-coating both small and large biocontainers with a castor oil-based 
biopolyurethane (PUR) was easy and cost-effective.  
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Biocomposites 
Composites are a combination of two or more dissimilar materials that achieve 
specific desired functions (Grewell, 2016a; Mohanty et al., 2002; Schrader et al., 2016a). 
In the aerospace industry, for example, materials like graphite are combined with 
different polymers to form composites when high-strength and low-weight are desired 
(Grewell, 2016a); fibers are commonly materials used to form composites (Grewell, 
2016; Mohanty et al., 2002). Similarly, biocomposites are created by compounding a 
polymer and bio-based filler (often natural fibers), though biocomposites can be formed 
using petroleum-based polymers or bioplastics (Mohanty et al., 2002). The addition of 
bio-based fillers such as plant fibers can improve strength and reduce the cost of the 
material (Faruk et al., 2012; Mohanty et al., 2002). Though limited information on 
biocomposites in horticultural containers exists, research suggests the addition of 
composites can aid in the molding of containers, improve biodegradability, and reduce 
the cost of production of containers (Schrader, 2016; Grewell et al., 2014).   
 
Bioplastic-based Biocontainers 
Commercially Available Bioplastic Containers 
Commercial container manufacturers have produced few bioplastic-based 
biocontainers to date. TerraShell/OP47 (Summit Plastics), a wheat starch-based container 
with a minor PLA component (Nambuthiri et al., 2015), and SoilWrap (Ball Horticultural 
Co., West Chicago, IL, USA), a PHA-based bioplastic sleeve (Mohan, 2010), are the 
most commonly known commercial bioplastic plant containers. Growth and quality of 
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plants produced TerraShell/OP47 or SoilWrap containers have been reported as similar to 
or greater than plants produced in petroleum-based plastic containers (Conneway et al., 
2015; Kratsch et al., 2015; Lopez and Camberato, 2011; Villavicencio, 2010). 
Appearance of containers after multiple weeks in greenhouses has been reported as 
unchanged for both types of containers or similar to petroleum-based plastic containers 
(Kratsch et al., 2015; Lopez and Camberato, 2011; Villavicencio, 2010). Additionally, 
data on container biodegradation exist only for TerraShell/OP47 containers (Kratsch et 
al., 2015), and containers were reported as 3.1–10.3% degraded after 6 weeks in 
greenhouse crop production and 24 weeks buried in soil. A manufacturer of PLA-based 
plant containers has marketed bioplastic containers under the trade name TWBP-05 
(Nanjing Beautystone Import & Export Co., Nanjing, China) though no research has been 
conducted using these containers or container quality.  
  
Novel Bioplastic-based Biocontainers 
Bioplastic-based plant containers have been developed from novel materials such 
as zein, a corn protein-based bioplastic (Helgeson et al., 2009). Plant growth in zein-
based bioplastic containers was generally poorer compared to growth of plants in 
conventional plastic pots, and containers deteriorated prior to the completion of crops 
(Helgeson et al., 2009). Zein-based containers released available nitrogen to plants as 
container materials degraded, though this was not always of benefit to the plant; plants in 
zein-based containers were frequently smaller than plants grown in petroleum-based 
plastic pots, and root growth was adversely affected (Helgeson et al., 2009). These zein-
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based bioplastic containers have not been commercialized since their initial development, 
nor has further research on their use been published. 
Similarly, biocomposite materials for horticultural containers made from 
pelletized poultry feathers have been developed (Ahn et al., 2011; Roh et al., 2012a). 
When raw materials were mixed into growing media at lower concentrations, plant 
growth and flowering were similar to untreated plants, but both decreased as 
concentrations of poultry feather pellet concentrations increased (Roh et al., 2012b). 
Further research revealed that pots manufactured with poultry feather pellets and glycerol 
as a plasticizing agent ranged from mildly to severely toxic to plants (Roh et al., 2012c). 
However, subsequent research on injection-molded poultry feather-based bioplastic 
containers deemed nontoxic by Roh et al. (2012c) yielded positive results, with respect to 
growth of three woody or herbaceous ornamental plant species (Huda and Roh, 2014). 
Current status of commercialization of these poultry feather-based bioplastic containers is 
unknown, but they are not commercially available. 
Through numerous development and selection phases, researchers have identified 
a range of bioplastics and biocomposites from different feedstocks that are conducive to 
processing, versatile, biodegradable, and suitable for the manufacture of horticultural 
containers (Grewell et al., 2014; Liu et al., 2015; Lu et al., 2014a; Lu et al., 2014b; 
Madbouly et al., 2014; Yang et al., 2015a; Yang et al., 2015b). Multiple rounds of 
container prototypes were produced, tested in experimental settings, and growth of plants 
and quality of containers yielded positive results overall when compared to petroleum-
based plastic containers (Kratsch et al., 2015; McCabe et al., 2014; Schrader et al., 2015); 
these studies also evaluated biodegradability of containers. Further experiments revealed 
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containers manufactured with soy protein-based bioplastic release mineral nutrients that 
are available to plants during production (McCabe et al., 2016; Schrader et al., 2013). 
However, despite the sum total of positive results from these experiments, commercial 
crop producers’ willingness to adopt new sustainable technologies is most heavily 
influenced by ease of implementation (Hall et al., 2009). Therefore, larger-scale trials 
using these containers in commercial greenhouse settings, and examination of the effects 
of container parent materials (Nambuthiri et al., 2015) and other crop cultural factors 
must occur before these containers become available to commercial crop producers.  
 
Conclusions 
  Bioplastic-based plant containers offer a sustainable alternative to petroleum-
based plastic containers in container-crop production. My research focuses on 
quantifying growth of herbaceous ornamental crops in bioplastic-based containers 
developed by researchers at Iowa State University in commercial production settings, 
characterizing commercial crop producers’ interest in using bioplastic-based containers in 
their crop-production schemes, elucidating the effect of biocontainer type and 
paclobutrazol drench efficacy on growth of annual bedding plants, and the impact of 
moisture-management practices on appearance and strength of bioplastic-based 
biocontainers. 
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CHAPTER 2. COMMERCIAL GREENHOUSE GROWERS CAN PRODUCE 
HIGH-QUALITY BEDDING PLANTS IN BIOPLASTIC-BASED 
BIOCONTAINERS 
A paper under review for publication in HortTechnology (2017) 
Nicholas J. Flax, Christopher J. Currey, James A. Schrader, David Grewell, and  
William R. Graves 
 
Abstract 
Our objectives were to quantify the growth and quality of herbaceous annuals 
grown in different types of bioplastic-based biocontainers in commercial greenhouses and 
quantify producer interest in using bioplastic-based biocontainers in their production 
systems. Seedlings of ‘Serena White’ angelonia and ‘Maverick Red’ zonal geranium that 
had been transplanted into and nine different (4.5-inch-diameter) container types (eight 
bioplastic-based biocontainers and a petroleum-based plastic [PP (control)] were grown 
at six commercial greenhouses in the upper midwest U.S. Plants were grown alongside 
other bedding annuals in each commercial greenhouse, and producers employed their 
standard crop culture practices. Data were collected to characterize growth when most 
plants were flowering. Questionnaires to quantify producer perceptions and interest in 
using bioplastic-based biocontainers, interest in different container attributes, and 
satisfaction were administered at select times during the experiment. Container type 
interacted with greenhouse to affect angelonia growth index (GI) and shoot dry weight 
(SDW), as well as shoot, root, and container ratings. Container type or greenhouse affect 
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geranium GI and shoot rating, and their interaction affected SDW, and root and container 
ratings. These results indicate that commercial producers can grow herbaceous annuals in 
a range of bioplastic-based biocontainers with few or no changes to their crop culture 
practices.  
 
Introduction 
Annual bedding and garden plants made up 44% ($2.56 billion) of all floriculture 
sales in 2014 ($5.87 billion; U.S. Department of Agriculture, 2015). Nearly 600 million 
containerized plants, not including flats and hanging baskets, accounted for 49% ($1.25 
billion) of annual bedding and garden plant sales. Sixty-nine percent (416 million) of 
these units were produced in containers less than 5 inches in diameter. Horticultural 
containers are typically manufactured from petroleum-based plastics and, using the 
calculations of Schrader (2013) updated with data from 2014 (U.S. Department of 
Agriculture, 2015), 4790 metric tons of petroleum-based plastic were used to produce 
over 400 million containers less than 5 inches in diameter that were used for annual 
bedding and garden plant production in 2014. With the intensive use of petroleum-based 
plastic, waste disposal and greater concerns for environmental impacts (Evans et al., 
2010), commercial bedding plant producers may choose or be required to use containers 
made from renewable materials.  
Horticultural containers are predominately manufactured from petroleum-based 
plastics due to their relatively low cost, strength, and availability in numerous shapes and 
sizes (Evans and Hensley, 2004; Hall et al., 2010; Helgeson et al., 2009). Biodegradable 
or compostable plant containers (often referred to as biocontainers) offer an alternative to 
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petroleum plastic containers in container crop production (Kuehny et al., 2011). 
Compared to petroleum-based plastic containers, fiber-based biocontainers have 
relatively poor water-use efficiency and durability, which can reduce plant growth and 
marketability, respectively (Evans et al., 2015; Koeser et al., 2013a; McCabe et al., 
2014). Therefore, development of biocontainers with properties that are more similar to 
petroleum-based plastic containers would be beneficial. 
Bioplastics and biocomposites (bioplastics blended with bio-based fillers) are 
potential substitutes for petroleum-based plastics in the manufacture of horticultural 
containers (Grewell et al., 2014). Through several phases of material development (Liu et 
al., 2015; Lu et al., 2014; Madbouly et al., 2014; Yang et al., 2015) and greenhouse trials 
(Currey et al., 2015; Kratsch et al., 2015; McCabe et al., 2014), we identified bioplastics 
and composites that can be effectively molded into horticultural containers suitable for 
greenhouse crop production (Grewell et al., 2014). While commercially available 
bioplastic containers can yield plants of high quality compared to plants grown in 
petroleum-based plastic containers (Conneway et al., 2015; Helgeson et al., 2009; Lopez 
and Camberato, 2011), our research is the first to report on the effectiveness of novel 
bioplastic-based biocontainers evaluated by producers. 
Trials in commercial settings can evaluate the efficacy of new technologies in 
commercial production systems (Chappell et al., 2013; Meng and Runkle, 2014). Ease of 
implementation was identified as the most significant barrier to commercial producers 
adopting sustainable technologies and practices (Hall et al., 2009). Therefore, our 
objectives were to evaluate our bioplastic-based biocontainers in commercial 
greenhouses by: 1) quantifying growth of herbaceous annuals grown in different 
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container types, and 2) characterize commercial producers’ interest in using these 
bioplastic-based biocontainers through a series of questionnaires and qualitative 
evaluations of plant, root, and container quality.  
 
Materials and Methods 
Container Types 
Nine types of 4.5-inch-diameter containers were used, including eight bioplastic-
based biocontainers and a PP (control) container (Table 1). Based on positive results 
regarding plant growth, plant health ratings, and container performance (Currey et al., 
2015; Kratsch et al, 2015; McCabe et al., 2014), seven types of 4.5-inch-diameter (40.0 
in
3
) injection-molded bioplastic containers (VistaTek
®
, Stillwater, MN) and paper fiber 
containers (36.6 in
3
; Myers Industries, Akron, OH) dip-coated twice with 
biopolyurethane (PUR) were chosen for evaluation. Injection-molded bioplastic 
containers were manufactured with different proportions (by weight) of polylactic acid 
(PLA; a widely available commercial bioplastic), polyhydroxyalkanoates (PHA; a less-
common commercial bioplastic), soy polymer with adipic anhydride (SP.A; a soy 
protein-based bioplastic developed at Iowa State University), dried distiller’s grains and 
solubles (DDGS; a coproduct of corn ethanol production), a proprietary bio-based filler 
(BR) derived from processed DDGS (BioRes
™
; Laurel Biocomposite, Laurel, NE), or 
lignin powder. Containers represented a spectrum of degradability from highly durable to 
biodegradable in soil within 1 to 2 years (Table 1).  
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Experimental Design, Greenhouse Facilities, and Culture  
This experiment was conducted using a randomized complete block design in 
factorial arrangement with greenhouse (six levels) and container type (nine levels) as 
factors. Each 10-cell shuttle tray was a replicate (n = 3 per container type per greenhouse) 
and individual containers from each tray were sub-replicates. Plants were blocked by 
species at each greenhouse to accommodate different cultural requirements (Table 2) for 
each crop.  
Seedlings of ‘Serena White’ angelonia and ‘Maverick Red’ zonal geranium were 
grown at Iowa State University, Ames, IA (lat. 42°N) in 288-cell propagation trays (0.43 
in
3
 cell vol.; T.O. Plastics, Clearwater, MN). Experiment plots were setup between 16 
and 20 Mar. 2015 at six commercial greenhouses in the upper midwest U.S. (coded as 
greenhouses A through F). Three out of six facilities were strictly wholesale greenhouses, 
while the others were primarily wholesale with some retail. Soilless substrate composed 
of (by vol.) 75% sphagnum peat moss, and 25% perlite (Sunshine Mix #1; Sun Gro 
Horticulture, Agawam, MA) was taken to greenhouses A, B, D, and E. Greenhouses C 
and F supplied their own soilless substrate amended with controlled-release fertilizer, as 
this was their primary means of delivering mineral nutrients to annual bedding plants. 
Containers were filled and one seedling was transplanted into each container. Containers 
were placed into petroleum-based plastic shuttle trays, as this is typical of small-container 
crop production in commercial greenhouses. Each 10-cell shuttle tray was composed of 
only a single container type per tray, and trays were randomized within species at each 
greenhouse. Both species were grown adjacent to one another in the same growing space.  
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Environment data loggers (Watchdog Plant Growth Station Model 2475; 
Spectrum Technologies, Aurora, IL) were placed among plants to record daily light 
integral and average daily temperature throughout production (Table 2). Cultural 
practices including fertilizer source and concentration, supplemental lighting, and any 
plant growth retardant (PGR) applications were documented by grower participants in 
charge of managing crops (Table 2).  
 
Data Collection and Calculations  
Institutional Review Board-approved questionnaires were administered to 
commercial-grower participants; only growers in charge of managing the experiment 
were surveyed. A pre-production questionnaire that characterized each grower’s 
perceptions of and interest in using biocontainers was administered to each participant 
before planting seedlings (Table 3). Upon completion of growing both species, the same 
questionnaire (post-production) was administered again, along with two questionnaires 
that evaluated grower participant satisfaction with performance of our bioplastic-based 
containers and interest in different attributes intrinsic to the containers (Table 4 and 5, 
respectively).  
For each species, when 75% of plants at a given greenhouse had open flowers, 
growers were asked to rate shoot, root, and container quality. Independent Likert-scale 
ratings on a scale of 1 to 5 (1 being worst, and 5 being best) were assigned via a single-
blind evaluation. Plants sampled for shoot ratings were placed into unused petroleum-
based plastic containers as a blinding measure. Grower participants were asked to rate 
shoots one-at-a-time based on plant size, greenness, abundance or absence of flowers, 
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signs of chlorosis or necrosis, stunting, or abnormal growth (Schrader et al., 2013). Plants 
with shoots rated 1.0 were considered unsalable, while plants with a 5.0 rating were 
considered premium quality. Shoots and containers were removed from root profiles that 
growers rated as a blinding measure. Root ratings were assigned based on robustness of 
root system, root morphology characteristics such as branching, color, fibrousness, 
circling or root-bound habit, or presence of pathogen symptoms. Root ratings of 1.0 were 
considered very poor in health, while roots rated 5.0 were considered to be in excellent 
health. Empty, used containers were rated based on discoloration, durability, ease of 
handling, and the presence of microbial growth or arthropods colonizing the container 
surface. Containers rated 1.0 were considered very undesirable, while containers rated 5.0 
were considered very desirable. Information on the different container types and 
container parent materials were withheld from growers until the conclusion of the 
experiment as a blinding factor. Grower participants were instructed to assign ratings 
objectively and not compare shoots, roots, or containers to other samples. 
 Plant growth data were collected after final grower ratings were assigned. Height 
from the substrate surface to the tallest growing point, widest diameter (diameter 1), and 
width 90° from the widest diameter (diameter 2) were collected from five randomly 
selected plants (sub-replicates) in each shuttle tray. Growth index, an integrated 
measurement of plant size (Jeong et al., 2009), was calculated for each plant. GI = {plant 
height + [(diameter 1 + diameter 2) ∕ 2]} ∕ 2. Shoots were severed at the substrate surface, 
dried, and average SDW was calculated.  
 
 
32 
 
Statistical Analyses 
Analysis of variance (Table 6) was performed for each species separately using 
PROC GLM of SAS Version 9.4 (SAS Institute, Inc., Cary, NC). Mean separations for 
plant growth parameters, quality ratings, and bioplastic-based container attributes were 
performed using Tukey’s honestly significant difference test at P ≤ 0.05. Non-parametric 
analysis (Wilcoxon’s signed rank test) was performed using PROC UNIVARIATE of 
SAS Version 9.4 (SAS Institute) to detect differences in perceptions and interest in using 
biocontainers pre- and post-plant production. 
 
Results 
Angelonia 
Container type and greenhouse interacted to affect shoot, root, and container 
quality ratings (Table 6). For instance, there were no differences in shoot quality across 
container types within Greenhouses A or E while differences were observed at other 
greenhouses (Table 7). Alternatively, across greenhouses shoot ratings of plants grown in 
PLA-SP.A-BRhigh containers were lower at greenhouses C and D compared to 
greenhouses A and E, while shoots of plants grown in PLA-BR were rated similarly at all 
six greenhouses. Roots of plants at greenhouse D grown in PLA-lignin containers were 
rated similarly to those in PLA-BR containers, but not at any other greenhouses. 
Conversely, within container types roots of plants grown in PLA-BR containers were 
rated higher at greenhouse D than greenhouses B, C, and F, while plants grown in PP 
containers received similar root ratings at all greenhouses. PHA-DDGS containers were 
rated similarly to PP at greenhouse E but not greenhouse C. Alternately, PHA-DDGS 
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container ratings varied considerably across greenhouses (1.0 to 5.0), while PLA-lignin 
containers were rated the same (5.0) at all six greenhouses. 
Container type and greenhouse also interacted to affect GI and SDW (Table 6). 
For example, there were no differences in GI across different containers within 
Greenhouses A, B, and F, while GI of plants grown in PLA-SP.A-BRhigh containers were 
smallest (14.8 to 16.4) across container types within greenhouses C, D, and E (Table 7). 
Alternatively, GI of plants grown in PLA-SP.A-BRhigh containers at greenhouse E (14.8) 
were smaller than greenhouse A (20.6), but plants at both greenhouses were similar when 
grown in PLA-lignin containers (18.8 and 18.4, respectively). Similarly, no differences in 
SDW across container types were observed within Greenhouses A, B, and F, while SDW 
was lowest (1.4 to 1.8 g) for plants grown in PLA-SP.A-BRhigh containers at Greenhouses 
C, D, and E. Conversely, SDW of plants grown in PLA-SP.A containers were similar at 
greenhouses A and F (2.5 and 2.3 g, respectively), but plants grown in PUR containers 
were larger at greenhouse A (3.5 g) than at greenhouse F (1.7 g). 
 
Geranium 
 Container type or greenhouse affected shoot quality (Table 6). For instance, shoot 
ratings across container types ranged from 3.4 (PLA-lignin and PUR) to 4.2 (PLA-SP.A-
BRlow; Table 8), while differences across greenhouses ranged from 3.3 at greenhouses B 
and C to 4.4 at Greenhouse E (Table 9). Container type interacted with greenhouse 
location to affect root and container ratings (Table 6). As an example, roots of plants 
grown in PLA-SP.A and PP containers were rated similarly within greenhouse B, but 
were rated differently at greenhouse F (Table 10). Alternatively, roots of plants grown in 
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PP containers were similar at greenhouses B and F, while roots of plants grown in PLA-
SP.A (60/40) containers were rated higher at greenhouse B than at greenhouse F. 
Polylactic acid-lignin containers received the highest container ratings, rated 5.0 at five 
facilities and 4.0 at the other. Alternatively, PLA-BR, PLA-SP.A-BR, and PHA-DDGS 
were not rated consistently, receiving the highest rating (5.0) at one facility and the 
lowest (1.0) at another. 
Greenhouse or container type affected GI and their interaction affected SDW 
(Table 6). Plants grown in PLA-SP.A-BRhigh or PLA-SP.A containers had the largest GI 
(22.6 and 22.7, respectively), while plants grown in PHA-DDGS containers were 
smallest (19.9; Table 8). Growth index of plants at greenhouse C (26.6) was 31% larger 
than greenhouses D and E (18.3; Table 8). No differences in SDW were observed across 
container types within Greenhouse A, B, C, E, and F, while at Greenhouse D plants 
produced in PHA-DDGS (2.9 g) were 15 to 34% smaller than other container types 
(Table 10). Alternatively, within container types plants grown in PUR containers had 
similar SDW at all greenhouses except greenhouse D, while SDW of plants grown in 
PHA-DDGS containers were lowest at greenhouse D and highest at greenhouse C. 
 
Questionnaires 
Perceptions of and interest in using biocontainers did not change during the 
experiment (Table 3). For example, on a Likert scale of 1 to 4 (1 = very uninterested, 4 = 
very interested), the average response when interest in using biocontainers was assessed 
was 3.3 (pre) and 3.0 (post) out of 4. Responses to the questionnaire on satisfaction using 
bioplastic-based biocontainers were positive (Table 4), and expectations were exceeded. 
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On a scale of 1 to 4 (1 = very uninterested, 2 = uninterested, 3 = interested, 4 = very 
interested), growers were interested in different attributes intrinsic to our bioplastic-based 
biocontainers, however, no single attribute was found to be of greater interest to 
participants (Table 5). 
 
Discussion 
 Plants produced in our bioplastic-based biocontainers were generally of similar 
quality and size compared to plants grown in PP containers. Shoots of angelonia grown in 
all container types were rated similarly to those of plants grown in PP containers at five 
out of six greenhouses (Table 7). Similarly, GI and SDW of angelonia grown in 
bioplastic-based containers were almost always similar to plants grown in PP containers 
(Table 7). Shoot ratings and GI of geraniums produced in all bioplastic-based container 
types were always similar to or greater than those of plants grown in PP containers (Table 
8), and SDW of geranium was similar to plants grown in PP containers at five out of six 
greenhouse locations (Table 10). Our findings agree with other researcher where growth 
of plants in bioplastic-based biocontainers was comparable to or greater than plants 
produced in PP containers (Conneway et al., 2015; Helgeson et al., 2009; Koeser et al., 
2013b; Lopez and Camberato, 2011). Though a few inconsistencies in plant growth and 
quality across a few container types were observed, our results suggests that commercial 
producers would be able to produce high-quality bedding plants in these bioplastic-based 
biocontainers. 
Within each species, growth parameters of angelonia and geraniums differed 
among greenhouses. This could be expected, given the range in greenhouse environments 
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and cultural practices across facilities (Table 2). Growth of angelonia and geranium is 
affected by PGR applications (Miller and Armitage, 2002; Tayama and Carver, 1990), 
substrate moisture (Jacobson et al., 2015), fertilizer source and type of irrigation system 
(Morvant et al., 2001). This does not, however, explain inconsistencies observed among 
growth and shoot quality of angelonia in PLA-SP.A-BRhigh containers; shoot quality, 
growth index, and SDW of angelonia grown in PLA-SP.A-BRhigh containers were only 
similar to PP and other container types at three out of six greenhouses. 
Based on plant growth and quality, and substrate-wetness observations made 
during data collection, we postulate that container materials and moisture-management 
practices at greenhouses may explain these differences. In a preliminary experiment (data 
not published) we found that higher substrate moisture content can degrade bioplastic-
based containers more rapidly. Additionally, in an experiment that investigated pelletized 
SP.A as a bio-based fertilizer (McCabe et al., 2016b), stunting and chlorosis among 
‘Honeycomb’ marigold and ‘Laser Synchro Scarlet’ cyclamen was observed for plants 
treated with higher concentrations of SP.A fertilizer. These symptoms were attributed to a 
rapid release of mineral nutrients as the SP.A material degraded. Though fertilizer was 
incorporated into the growing medium (McCabe et al., 2016b), research has demonstrated 
that SP.A-based bioplastic containers release mineral nutrients to plants without container 
pieces being incorporated into the medium (Schrader et al., 2013; McCabe et al., 2016a). 
Differences in GI and SDW of angelonia in our experiment existed only for PLA-SP.A-
BRhigh containers in our experiment, but this reduction in growth was not observed at all 
greenhouses. We believe poorer root and container ratings among container types 
manufactured with SP.A support our theory that rapid degradation of SP.A containers at 
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some greenhouses led to a similar stunting of plants observed by McCabe et al (2016b). 
Further elucidation of the effects of moisture management on plant growth and bioplastic 
container materials is needed.  
Discrepancies between shoot and root ratings tended to be more prevalent among 
plants in containers manufactured with SP.A and PHA-DDGS containers, and less so 
among plants grown in other container types. For example, angelonia grown in PLA-
lignin containers at greenhouse C received 5 out of 5 shoot ratings and root ratings of 4.7 
out of 5 (Table 7); similar trends were observed among PLA-BR, rPLA, and PUR 
containers as well. Alternatively, shoots of angelonia grown in PLA-SP.A containers at 
greenhouse C were rated 4.0 out of 5, while roots were rated 1.7 (Table 7). This 
contradicts Schrader et al. (2015), who found SP.A-based containers promoted a denser 
and more fibrous root system than did PP controls. Research has shown that roots of 
plants produced in SP.A-based containers have increased branching and are more fibrous 
than roots of similar plants produced in petroleum-based plastic containers (Schrader et 
al., 2013). We believe grower participants rated root systems of plants in SP.A-based 
containers lower due to lack of familiarity with the different root architecture imparted by 
SP.A containers. Removal of root profiles from PHA-DDGS containers in our 
experiment was difficult and often resulted in tearing of roots adjacent to the container 
sidewalls. This likely contributed to lower root ratings for this container type among both 
angelonia and geranium. This suggests that containers manufactured without SP.A or 
PHA-DDGS may be particularly acceptable commercially. 
 Ratings of PLA-lignin, rPLA, and PUR containers were almost always similar to 
those of PP, and were highest overall across all bioplastic container types. Container-
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rating trends resembled those observed among root ratings for both species. All 
containers with SP.A and PHA-DDGS received lower ratings than other container types 
overall (Table 7 and 10). We believe differences in container quality resulted from an 
interaction of container type and the use of shuttle trays in production. Schrader et al. 
(2015) characterized the horticultural suitability of prototype versions of the containers 
we used, which were categorized based on performance and biodegradability. Containers 
manufactured with PLA and SP.A, PHA-DDGS, and twice dip-coated polyurethane 
paper fiber degraded 30 to 45%, 47%, or 12% after six months in soil, respectively, and 
were deemed biodegradable in soil within 1 to 2 years. Conversely, containers 
manufactured with a combination of PLA and lignin or only rPLA were considered 
durable, an improvement in sustainability compared to PP, and requiring few changes to 
cultural practices; these container types did not degrade in soil after six months. Our 
results suggest that use of biodegradable bioplastic-based containers (biodegradable in 
soil in 1 to 2 years) will require adequate management of substrate moisture (growing 
drier), as decomposition of materials used to manufacture these containers is enhanced by 
increased humidity, temperature, and the presence of microorganisms found in soil and 
water (Grewell et al., 2014; Lu et al., 2014). 
 Pre-production questionnaires revealed that commercial grower participants were 
interested in using bioplastic containers before experiment initiation (Table 3). 
Participants had previously used biocontainers in their productions schemes (data not 
shown); however, we did not identify any bias among grower participants that would 
have influenced responses to questionnaires or Likert-scale ratings. Post-production 
questionnaires also demonstrated that use of these containers in their commercial 
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production systems did not affect their perceptions or interest in using them in future, and 
impressions remained positive. Additionally, these bioplastic and biocomposite 
containers exceeded expectations and growers were in favor of producing plants in them 
(Table 4). These findings suggest that our grower participants had confidence in their 
ability to implement these containers on a larger scale. Hall et al. (2009) identified that 
concerns surrounding ease of implementation are the most significant barrier to adoption 
of sustainable technologies among commercial floriculture producers. Responses to our 
questionnaires suggest this may not be an issue for bioplastic-based biocontainers. 
Grower responses (Table 5) also support the assertion that properties of these bioplastic-
based plant containers are desirable among commercial producers. Questions regarding 
biocontainer attributes (Table 5) were designed to evaluate commercial container crop 
producers’ interest in additional container functions, however, responses to these 
questions may be relevant to floriculture retailers as well.  
The factors we have examined ultimately illustrate key differences in the 
functionality of certain bioplastic and biocomposite containers in greenhouse crop 
production settings, and emphasize that producers should select containers based on their 
parent materials to best suit their needs. Containers like PLA-BR, PLA-lignin, rPLA, and 
PUR can be easily integrated into commercial production schemes due to their durability, 
but the attributes favored among producers may hamper their functionality as 
biodegradable alternatives to single-use petroleum-based plastic pots (Schrader et al., 
2015). Alternatively, containers manufactured using SP.A or PHA-DDGS more closely 
meet the requirements that consumers look for in a biocontainer, but use of these will 
likely require producers to adjust their crop-production practices.  
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Conclusions 
 The bioplastic-based biocontainers we used generally supported plants of similar 
size and quality to those in standard PP containers. Growth of angelonia and geranium 
were minorly affected by container type, and grower-perceived shoot and root quality 
exhibited similar trends. Differences observed in plant size and quality likely resulted 
from container type interacting with environment and/or production practices. Only 
plants produced in PHA-DDGS and containers made with both PLA and SP.A were 
smaller or lower quality than other container types, though these differences were not 
observed within all greenhouses. Producer perceptions of and attitudes toward these 
containers were positive and growers were interested in implementing use of containers 
such as these in their commercial production schemes in the future. Our results 
demonstrate that interest in and use of bioplastic-based containers that biodegrade easily 
in soil or compost may need to be balanced against the consideration that slightly more 
effort may be required for managing moisture conditions during crop production. Overall, 
results of this experiment suggest that these bioplastic-based biocontainers are viable 
alternatives to petroleum-based plastics in containerized production of annual bedding 
plants.  
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Tables and Figures 
Table 1. ‘Serena White’ angelonia and ‘Maverick Red’ zonal geranium were grown in 
eight types of 4.5-inch (11.43 cm)-diameter bioplastic-based biocontainers and a 
petroleum-based plastic [PP (control)] in a commercial greenhouse grower trial at six 
greenhouses in the upper midwest U.S. Parent materials of bioplastic containers included: 
polylactic acid (PLA; commercially available bioplastic), a proprietary bio-based filler 
(BR) derived from processed dried distiller’s grains and solubles, lignin powder, soy 
bioplastic with adipic anhydride (SP.A; developed at Iowa State University), 
polyhydroxyalkanoates (PHA; commercially available bioplastic), dried distiller’s grains 
and solubles (DDGS; a coproduct of corn ethanol production), recycled PLA (rPLA), 
castor oil-based biopolyurethane (PUR), plasticizers to aid the injection molding process, 
and coloring agents. Relevant attributes intrinsic to containers are listed, including 
percentages of different parent materials used to manufacture, “fertilizer effect” identified 
by Schrader et al. (2013), and degradability of containers. 
Container type
z
 Proportions of materials  
(% by wt, respectively) 
Fertilizer 
effect
y
 
Container 
degradability
x
 
PLA-lignin 90/10 No Durable 
rPLA  100 No Durable 
PUR  ---
w
 No Biodegradable 
PHA-DDGS 80/20 No Biodegradable 
PLA-BR 80/20 No Compostable 
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Table 1. continued 
PLA-SP.A 60/40 Yes Compostable 
PLA-SP.A-BRLow  55/35/10 Yes Compostable 
PLA-SP.A-BRHigh 50/30/20 Yes Compostable 
PP 100 No Non-degradable 
z
Container types are blends of different ratios of bioplastic and biocomposite materials. 
y
Containers manufactured with SP.A release plant-available mineral nutrients as 
containers degrade (Schrader et al., 2013). 
x
Degradability of bioplastic-based biocontainers as characterized by Schrader et al. 
(2015); biodegradable = biodegradable in soil within 1–2 years, compostable = non-
degradable in soil but degradable by composting, durable = durable containers that 
improve on sustainability while requiring little or no change in cultural practices, non-
degradable = non-compostable or biodegradable. 
w
PUR containers were commercially available recycled paper fiber containers that were 
twice-dip-coated in a biopolyurethane, and the amount of biopolyurethane varied between 
containers. 
 
 
 
 
4
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Table 2. Facility, environmental parameters, and crop culture practices that were recorded, including average daily 
temperature (ADT), daily light integral (DLI), fertilizer source [water soluble (WSF) or controlled-release (CRF)], analysis, 
and N concentration, and plant growth retardants (PGRs) applied for ‘Serena White’ angelonia and ‘Maverick Red’ zonal 
geranium grown in eight types of 4.5-inch (11.43 cm)-diameter bioplastic-based biocontainers and a petroleum-based plastic 
(control) in a commercial greenhouse grower trial at six greenhouses (GH) in the upper midwest U.S. Irrigations with clear 
water occurred between applications of WSF to crops. 
Greenhouse 
ADT 
[mean ± SD (˚F)]z 
DLI 
(mol∙m–2∙d–1) 
Fertilizer  
(source, N–P–K, 
concn) 
PGRs 
(species, a.i., concn, no. applications) 
A 63.7 ± 8.1 20.5 WSF, 20N–4.4P–17.6K, 
125 ppm
z
 N 
angelonia: daminozide, 2500 ppm, 1× 
geranium: chlormequat chloride, 500 ppm, 2× 
B 69.2 ± 6.5 17.4 WSF, 17N–1.8P–15K, 
200 ppm N 
geranium: chlormequat chloride, 500 ppm, 2× 
 
C 67.4 ± 7.0 11.2 CRF
y
, 17N–2.2P–9.7K, 
5 lb/yard
3z
 
 not applied; plants were pinched 10 d after 
planting 
 
 
 
5
0
 
Table 2. continued 
D 69.5 ± 6.5 13.9 WSF, 16N–1.3P–14.1K, 
200 ppm N 
not applied 
 
E 68.9 ± 5.2 17.1 WSF, 17N–0P–15K, 140 
ppm N and MKP
x
, 10 
ppm P 
geranium: daminozide + chlormequat chloride, 
3750 + 500 ppm, 3× 
 
F 65.9 ± 8.6 21.8 CRF
y
, 16N–2.2P–9.1K,  
5 lb/yard
3 
not applied 
 
z˚F = (˚C × 1.8) + 32, 1 ppm = 1 mg∙L-1; 1 lb/yard3 = 0.5933 kg∙m–3. 
y
In-house soilless substrate with CRF incorporated was used in place of the soilless substrate brought to the other facilities, 
as this was the primary source of mineral nutrients in their normal bedding annual cropping scheme.
 
x
Monopotassium phosphate. 
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Table 3. Grower perceptions of and interest in using bioplastic-based plant containers 
before (pre) and after (post) producing ‘Serena White’ angelonia and ‘Maverick Red’ 
zonal geranium in eight types of 4.5-inch (11.43 cm)-diameter bioplastic-based 
biocontainers and a  petroleum-based plastic (control) at six greenhouses in the upper 
midwest U.S. Changes in grower perceptions and interest in using biocontainers in 
their commercial production schemes between pre- and post-production questionnaires 
was detected using Wilcoxon’s signed rank test.  
 Response  
(1–4 scale) 
Question Pre Post Sig.
z
 
I am ___ in using biocontainers in containerized 
greenhouse crop production.
y
 
3.3 3.0 NS 
I am ___ in using biocontainers in containerized 
greenhouse crop production that affect crop 
development and management.
y
 
3.3 3.0 NS 
I am ___ that I can produce a high-quality crop of 
plants in biocontainers.
x
 
3.0 3.2 NS 
The appearance of a biocontainer ___ my 
perception of the ability to produce a high-quality 
crop of plants in biocontainers.
w
 
2.2
   
 2.3 NS 
zSignificance using Wilcoxon’s signed rank test; NS = nonsignificant. 
y
Likert-scale response; 1 = very uninterested, 2 = uninterested, 3 = interested, 4 = very 
interested. 
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Table 3. Continued 
x
Likert-scale response; 1 = very unconvinced, 2 = unconvinced, 3 = convinced, 4 = 
very convinced. 
w
Likert-scale response; 1 = really does not affect, 2 = does not affect, 3 = affects, 4 = 
strongly affects. 
 
 
Table 4. Growers’ satisfaction after producing ‘Serena White’ angelonia and ‘Maverick 
Red’ zonal geranium in eight types of 4.5-inch (11.43 cm)-diameter bioplastic-based 
biocontainers and a petroleum-based plastic (control) at six greenhouses in the upper 
midwest U.S. Responses from commercial grower participants were positive, indicated 
that growers liked producing crops in bioplastic-based plant containers, and that their 
expectations of container performance exceeded their expectations.  
                                                                       Response (1–4 scale) 
 Grower 
Question A B C D E F 
To what level did growing plants in these 
biocontainers match your expectations?
z
 
3.0 3.0 3.0 3.0 3.0 4.0 
How did you like growing plants in the 
biocontainers provided?
y
 
3.0 3.0 4.0 3.0 3.0 4.0 
z
Likert-scale response; 1 = did not meet expectations by far, 2 = did not meet 
expectations, 3 = exceeded expectations, 4 = exceeded expectations by far. 
y
Likert-scale; 1 = really did not like, 2 = did not like, 3 = liked, 4 = really liked. 
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Table 5. Commercial greenhouse growers demonstrated interest in a range of intrinsic physical 
and chemical properties, categorized by Schrader et al. (2015), after producing ‘Serena White’ 
angelonia and ‘Maverick Red’ zonal geranium in eight types of 4.5-inch (11.43 cm)-diameter 
bioplastic-based biocontainers and a petroleum-based plastic (control) at six greenhouses in the 
upper midwest U.S. Responses were pooled across greenhouses (n=6) and mean separations 
were performed using Tukey’s honestly significant difference (HSD) test. 
Question                                                                        Response 
(1–4 scale)z 
Would you be interested in a container that biodegrades quickly in soil when 
planted with the container? 
3.5 a
y
 
Would you be interested in a biocontainer that biodegrades when placed into 
the compost? 
3.5 a 
Would you be interested in a biocontainer that releases fertilizer during 
greenhouse production (i.e. N, P, K)? 
3.2 a 
Would you be interested in a biocontainer that reduces circling root formation? 
 
2.8 a 
Would you be interested in a biocontainer that appears nearly identical to 
petroleum plastic containers? 
3.2 a 
Would you be interested in a biocontainer if it were not made of 100% bio-
based materials? 
2.7 a 
Would you be interested in a biocontainer if it appeared identical to a colored 
petroleum plastic container, but the coloring agent was not bio-based material? 
3.0 a 
z
Likert-scale: 1 = very uninterested, 2 = uninterested, 3 = interested, 4 = very interested. 
yMeans that share letters are similar by Tukey’s HSD test P ≤ 0.05. 
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Table 6. Analyses of variance for container type (C) and greenhouse (G) on growth 
index (GI), shoot dry weight (SDW), and quality of shoots, roots and containers of 
‘Serena White’ angelonia and ‘Maverick Red’ zonal geranium grown in eight types of 
4.5-inch (11.43 cm)-diameter bioplastic-based biocontainers and a petroleum-based 
plastic (control) at six greenhouses in the upper midwest U.S. Significance of main 
effects and interactions were detected using PROC GLM of SAS Version 9.4 (SAS 
Institute, Cary, NC). 
Parameter C G C × G 
 Angelonia 
GI ***
z
 *** ** 
SDW ** *** *** 
Shoot rating *** *** *** 
Root rating *** *** *** 
Container rating *** *** *** 
 Geranium 
GI *** *** NS 
SDW * *** ** 
Shoot rating ** *** NS 
Root rating *** *** *** 
Container rating *** *** *** 
z
NS, *, **, *** Nonsignificant or significant at P ≤ 0.05, 0.01, or 0.001, respectively. 
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Table 7. Grower quality ratings for shoots and flowers, root systems, and containers, growth index, and shoot dry weight of 
‘Serena White’ angelonia produced in eight types of 4.5-inch (11.43 cm)-diameter bioplastic-based biocontainers and a 
petroleum-based plastic (control) at six greenhouses in the upper midwest U.S. Data were collected when 75% of plants 
were in flower at a given greenhouse. Mean separations were performed using Tukey’s honestly significant difference 
(HSD) test. 
 Greenhouse 
Container type
z
 A B C D E F 
 Shoot rating (1-5 scale)
y
 
PLA-lignin 4.0 aAB 4.7 aAB 5.0 aA 3.3 a–cB 4.7 aAB 5.0 aA 
rPLA 4.7 aAB 2.7 abB 5.0 aA 3.3 a–cAB 5.0 aA 4.0 abAB 
PUR 4.3 aA 2.3 abB 3.0 abAB 3.3 a–cAB 4.7 aA 4.7 abA 
PHA-DDGS 4.3 aA 1.3 bC 4.3 abA 2.3 bcBC 5.0 aA 4.0 abAB 
PLA-BR 4.7 aA
x
 3.7 abA 4.3 abA 4.3 aA 4.7 aA 3.7 abA 
PLA-SP.A 3.7 aAB 1.7 bB 4.0 abA 4.0 abA 4.7 aA 5.0 aA 
PLA-SP.A-BRlow 3.7 aAB 1.3 bB 4.0 abA 4.3 aA 5.0 aA 3.0 bAB 
 
 
 
5
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Table 7. continued 
PLA-SP.A-BRhigh 4.0 aA 2.7 abAB 1.7 bB 1.7 cB 4.0 aA 3.7 abAB 
PP 3.7 aAB 2.7 abB 4.7 abAB 4.0 abAB 5.0 aA 4.7 abAB 
 Root system rating (1-5 scale)
y
 
PLA-lignin 5.0 aA 4.7 aA 4.7 aA 5.0 aA 5.0 aA 5.0 aA 
rPLA 4.3 abA 4.0 abA 3.0 bA 4.3 abA 4.3 abA 4.0 bA 
PUR 4.0 abA 2.3 cdB 2.7 bcB 3.3 a–cAB 2.7 cdB 4.0 bA 
PHA-DDGS 3.7 abA 1.0 dC 1.7 b–dBC 3.0 bcAB 2.0 deA–C 3.0 cAB 
PLA-BR 3.3 bAB 3.0 bcB 3.0 bB 4.3 abA 3.3 bcAB 3.0 cB 
PLA-SP.A 4.0 abA 1.0 dC 1.7 b–dBC 2.7 b–dB 2.3 cdB 4.0 bA 
PLA-SP.A-BRlow 4.7 abA 1.0 dB 1.3 cdB 1.7 cdB 2.0 deB 2.0 dB 
PLA-SP.A-BRhigh 3.7 abA 1.0 dB 1.0 dB 1.0 dB 1.0 eB 2.0 dB 
PP 5.0 aA 4.7 aA 5.0 aA  5.0 aA 4.7 aA 5.0 aA 
 
Container rating (1-5 scale)
y
 
PLA-lignin 
5.0 aA 5.0 aA 5.0 aA 5.0 aA 5.0 aA 5.0 aA 
 
 
 
5
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Table 7. continued 
      
rPLA 
5.0 aA 5.0 aA 5.0 aA 5.0 aA 4.0 bB 5.0 aA 
PUR 
5.0 aA 3.0 bC 4.0 bB 4.0 bB 5.0 aA 5.0 aA 
PHA-DDGS 
2.0 bC 1.0 cD 1.0 dD 3.0 cB 5.0 aA 2.0 cC 
PLA-BR 
2.0 bBC 1.7 cC 1.0 dC 3.0 cB 5.0 aA 2.0 cBC 
PLA-SP.A 
2.0 bC 2.0 bcC 2.0 cC 4.0 bA 2.0 dC 3.0 bB 
PLA-SP.A-BRlow 2.0 bB 1.0 cC 2.0 cB 3.0 cA 3.0 cA 2.0 cB 
PLA-SP.A-BRhigh 1.0 cB 1.0 cB 1.0 dB 2.0 dA 1.0 eB 1.0 dB 
PP 
5.0 aA 5.0 aA 5.0 aA 5.0 aA 5.0 aA 3.0 bB 
 
Growth index
w
 
PLA-lignin 18.4 aBC 14.8 aD 21.9 aA 21.2 aA 18.8 aB 17.1 aC 
rPLA 20.4 aAB 15.3 aC 21.3 abA 21.6 aA 17.4 abBC 15.4 aC 
PUR 20.0 aAB 13.0 aD 20.0 abAB 21.4 aA 17.4 abBC 14.8 aCD 
PHA-DDGS 19.3 aA 12.8 aB 20.0 abA 18.9 abA 16.5 abAB 15.9 aAB 
PLA-BR 19.5 aBC 15.4 aD 22.8 aA 21.9 aAB 18.8 aC 16.6 aCD 
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Table 7. continued       
PLA-SP.A 18.4 aAB 13.4 aB 18.4 abAB 20.1 abA 18.1 aAB 16.2 aAB 
PLA-SP.A-BRlow 18.4 aB 13.2 aD 19.4 abAB 22.4 aA 17.0 abBC 14.3 aCD 
PLA-SP.A-BRhigh 20.6 aA 13.4 aB 16.4 bAB 16.1 bB 14.8 bB 15.5 aB 
PP 18.7 aABC 15.1 aD 21.5 aA 20.6 aAB 17.6 aB–D 15.7 aCD 
 
Shoot dry weight (g)
v
 
PLA-lignin 2.5 aAB 2.3 aBC 2.9 aA 2.8 abA 2.1 aC 2.6 aAB 
rPLA 3.4 aA 2.1 aBC 2.9 aAB 2.9 aAB 2.0 aC 2.0 aBC 
PUR 3.5 aA 1.7 aB 2.3 abB 2.3 abB 1.9 aB 1.7 aB 
PHA-DDGS 2.7 aA 1.8 aA 2.7 abA 2.4 abA 1.7 abA 2.5 aA 
PLA-BR 3.1 aAB 2.0 aB 3.2 aA 2.9 aAB 2.1 aB 2.4 aAB 
PLA-SP.A 2.5 aA 1.5 aA 2.3 abA 2.3 abA 2.1 aA 2.3 aA 
PLA-SP.A-BRlow 2.7 aA 1.5 aB 2.3 abAB 3.0 aA 1.9 abAB 2.0 aAB 
PLA-SP.A-BRhigh 4.0 aA 1.7 aBC 1.6 bC 1.8 bBC 1.4 bC 2.5 aB 
PP 2.9 aA 2.0 aA 2.9 aA 2.6 abA 2.1 aA 2.4 aA 
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Table 7. continued 
z
Containers were manufactured from specific blends of bioplastic or biocomposite materials; PLA =  polylactic acid, BR = a 
proprietary bio-based filler derived from dried distiller’s grains and solubles, SP.A = soy bioplastic with adipic anhydride, PHA = 
polyhydroxyalkanoates, DDGS = dried distiller’s grains and solubles, rPLA = recycled PLA, PUR = recycled paper fiber containers 
twice dip-coated in castor oil-based biopolyurethane, PP = petroleum-based plastic. 
y
Ratings were assigned by commercial grower participants in charge of managing experiments at each greenhouse on a 
Likert-scale; 1 = worst quality, 2 = below average quality, 3 = average quality, 4 = above average quality, 5 = best quality. 
x
Means within columns (lowercase letters) and within rows (uppercase letters) that share letters are similar by Tukey’s HSD 
test at P ≤ 0.05. 
w
Growth index = {plant height + [(diameter 1 + diameter 2) ∕ 2]} ∕ 2. 
v
1 g = 0.0353 oz. 
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Table 8. Growth index, and shoot quality rating of ‘Maverick Red’ zonal geranium grown in 
eight types of 4.5-inch (11.43 cm)-diameter bioplastic-based biocontainers and a petroleum-
based plastic (control) at six greenhouses in the Upper Midwest. Data were collected when 
75% of plants were in flower at a given greenhouse. Data were pooled within container type 
and across greenhouses, and mean separations were performed using Tukey’s honestly 
significant difference (HSD) test. 
Container type
z
 Shoot rating response (1-5 scale)
y
 Growth index
x
 
PLA-lignin 3.4 b
w
 20.3 c 
rPLA 3.9 ab 20.3 c 
PUR 3.4 b 20.3 c 
PHA-DDGS 3.5 b 19.9 c 
PLA-BR 3.7 ab 21.4 a–c 
PLA-SP.A 4.1 ab 22.7 a 
PLA-SP.A-BRlow 4.2 a 22.1 ab 
PLA-SP.A-BRhigh 3.9 ab 22.6 a 
PP 3.7 ab 20.5 bc 
z
Containers were manufactured from specific blends of bioplastic or biocomposite materials; 
PLA =  polylactic acid, BR = a proprietary bio-based filler derived from dried distiller’s grains 
and solubles, SP.A = soy bioplastic with adipic anhydride, PHA = polyhydroxyalkanoates, 
DDGS = dried distiller’s grains and solubles, rPLA = recycled PLA, PUR = recycled paper 
fiber containers twice dip-coated in castor oil-based biopolyurethane, PP = petroleum- plastic. 
y
Ratings were assigned by growers in charge of crops on a Likert-scale; 1 = worst quality, 2 = 
below average quality, 3 = average quality, 4 = above average quality, 5 = best quality. 
x
Growth index = {plant height + [(diameter 1 + diameter 2) ∕ 2]} ∕ 2. 
wMeans within columns that share letters are similar by Tukey’s HSD test at P ≤ 0.05. 
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Table 9. Growth index and shoot quality rating of ‘Maverick Red’ zonal geranium 
grown in eight types of 4.5-inch (11.43 cm)-diameter bioplastic-based biocontainers 
and a petroleum-based plastic (control) at six greenhouses in the upper midwest U.S. 
Data were collected when 75% of plants were in flower at a given greenhouse. Data 
were pooled across container type and within greenhouses, and mean separations were 
performed using Tukey’s honestly significant difference (HSD) test. 
Greenhouse Shoot rating response  
(1–5 scale)z 
Growth index
y
 
A 4.3 ab
x
 21.4 b 
B 3.3 c 21.1 b 
C 3.3 c 26.6 a 
D 3.8 bc 18.3 c 
E 4.4 a 18.3 c 
F 3.4 c 21.2 b 
z
Ratings were assigned by commercial grower participants in charge of managing 
experiments at each greenhouse on a Likert-scale; 1 = worst quality, 2 = below average 
quality, 3 = average quality, 4 = above average quality, 5 = best quality. 
y
Growth index = {plant height + [(diameter 1 + diameter 2) ∕ 2]} ∕ 2. 
xMeans within columns that share letters are similar by Tukey’s HSD test at P ≤ 0.05. 
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Table 10. Grower quality ratings for root systems and containers, and shoot dry weight of Growth index (GI), and shoot 
quality rating of ‘Maverick Red’ zonal geranium grown in eight types of 4.5-in-diameter bioplastic containers and a 
petroleum-based plastic (control) at six greenhouses in the Upper Midwest. Data were collected when 75% of plants were in 
flower at a given greenhouse. 
 Greenhouse  
Container type
z A B C D E F 
 Root system rating (1–5 scale)y 
PLA-lignin 3.0 abC
x
 4.0 abB 5.0 aA 4.0 abB 4.0 abB 4.7 aA 
rPLA 3.3 abA 5.0 aA 4.0 abA 5.0 aA 4.3 aA 4.3 aA 
PUR 3.3 abA 3.3 bcA 2.7 abA 3.3 bcA 2.7 bcA 4.3 aA 
PHA-DDGS 4.0 abAB 2.3 cB 2.0 abB 4.7 aA 4.0 abAB 3.0 aAB 
PLA-BR 4.3 aA 3.0 bcA 2.7 abA 3.3 bcA 4.7 aA 3.0 aA 
PLA-SP.A 2.3 bcAB 3.7 abcA 2.7 abAB 3.0 bcA 2.7 bcAB 1.0 bB 
PLA-SP.A-BRlow 3.3 abA 3.0 bcA 2.7 abA 2.3 cA 2.0 cdA 1.0 bA 
PLA-SP.A-BRhigh 1.0 cB 3.0 bcA 1.0 bB 1.0 dB 1.0 dB 1.0 bB 
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Table 10. continued       
PP 1.0 abB 5.0 aA 5.0 aA 5.0 aA 4.7 aA 4.7 aA 
 Container rating (1–5 scale)y 
PLA-lignin 5.0 aA 5.0 aA 5.0 aA 5.0 aA 4.0 bB 5.0 aA 
rPLA 5.0 aA 5.0 aA 5.0 aA 1.7 dC 3.0 cB 5.0 aA 
PUR 5.0 aA 4.7 aA 3.0 bB 5.0 aA 3.0 cB 5.0 aA 
PHA-DDGS 2.0 bD 3.0 bC 1.0 dE 4.0 bB 5.0 aA 2.0 dD 
PLA-BR 1.0 cC 2.0 cB 1.0 dC 5.0 aA 5.0 aA 2.0 dB 
PLA-SP.A 2.0 bB 1.0 dC 2.0 cB 3.0 cA 2.0 dB 3.0 cA 
PLA-SP.A-BRlow 1.0 cD 1.0 dD 1.0 dD 3.0 cB 4.0 bA 2.0 dC 
PLA-SP.A-BRhigh 1.0 cC 1.0 dC 1.0 dC 5.0 aA 4.0 bB 1.0 eC 
PP 5.0 aA 5.0 aA 5.0 aA 4.0 bB 4.0 bB 4.0 bB 
 Shoot dry weight (g)
w
 
PLA-lignin 6.2 aABC 7.6 aAB 8.8 aA 3.7 abC 5.1 aBC 5.6 aBC 
rPLA 6.1 aAB 7.3 aA 6.5 aAB 4.1 abB 5.5 aAB 7.2 aA 
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Table 10. continued       
PUR 7.2 aA 6.0 aA 6.0 aA 3.4 abB 5.2 aAB 7.2 aA 
PHA-DDGS 5.8 aB 6.3 aB 9.0 aA 2.9 bC 5.3 aB 6.2 aB 
PLA-BR 7.4 aAB  7.1 aAB  9.0 aA  3.7 abC 5.7 aBC 8.0 aAB  
PLA-SP.A 5.9 aBC 7.1 aB 9.2 aA 4.4 aC 5.3 aBC 6.7 aB 
PLA-SP.A-BRlow 9.3 aA 8.5 aA 8.6 aA 3.8 abB 5.0 aAB 6.1 aAB 
PLA-SP.A-BRhigh 8.0 aA 7.2 aAB 7.5 aAB 3.4 abC 4.5 aBC 7.8 aA 
PP 5.8 aAB 7.5 aA 7.9 aA 3.5 abB 5.6 aAB 6.7 aA 
z
Containers were manufactured from specific blends of bioplastic or biocomposite materials; PLA =  polylactic acid, BR = a proprietary 
bio-based filler derived from dried distiller’s grains and solubles, SP.A = soy bioplastic with adipic anhydride, PHA = 
polyhydroxyalkanoates, DDGS = dried distiller’s grains and solubles, rPLA = recycled PLA, PUR = recycled paper fiber containers 
twice dip-coated in castor oil-based biopolyurethane, PP = petroleum-based plastic. 
y
Ratings were assigned by commercial grower participants in charge of managing experiments at each greenhouse on a Likert-scale; 1 = 
worst quality, 2 = below average quality, 3 = average quality, 4 = above average quality, 5 = best quality. 
x
Means within columns (lowercase letters) and within rows (uppercase letters) sharing letters are similar by Tukey’s HSD at P ≤ 0.05. 
w
1 g = 0.0353 oz. 
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CHAPTER 3. FLORICULTURE PRODUCERS CAN USE BIOPLASTIC PLANT 
CONTAINERS TO PRODUCE HIGH-QUALITY HERBACEOUS PERENNIALS 
 
A paper prepared for submission to HortTechnology 
Nicholas J. Flax, Christopher J. Currey, James A. Schrader, David Grewell,  
and William R. Graves 
 
Abstract 
We quantified growth and quality of herbaceous perennials grown in different 
bioplastic containers, and characterized commercial perennial producers’ interest in using 
bioplastic-based biocontainers in their herbaceous perennial production schemes. 
Seedlings of ‘Arizona Sun’ blanket flower (Gaillardia × grandiflora) and ‘Pow Wow 
Wild Berry’ purple coneflower (Echinacea purpurea) were grown in three types of trade 
1-gallon containers at five commercial nurseries in the upper midwest U.S. Containers 
included one made of polylactic acid (PLA) and a proprietary bio-based filler (BR) 
derived from a coproduct of corn ethanol production, a commercially available recycled 
paper fiber container twice dip-coated with biopolyurethane (PUR), and a petroleum-
plastic (control) container. Plant growth data were collected when most plants had open 
flowers, and plant shoots, roots, and containers were rated by commercial grower 
participants. Questionnaires characterizing growers’ perceptions and interest in using 
these containers, interest in different bioplastic-based container attributes, and 
satisfaction using containers were administered at the beginning and end of the 
experiment. Grower affected growth index (GI), shoot dry weight (SDW), and shoot 
ratings of coneflower, while root and container ratings were affected by the interaction of 
grower and container type. For blanket flower, container type and grower interacted to 
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affect GI, SDW, and container rating. Root rating was affected by container type or 
grower and shoot rating was unaffected either. Our results indicate that commercial 
producers can adapt these bioplastic-based biocontainers to herbaceous perennial 
production schemes with few or no changes to their crop production practices.  
 
Introduction 
 Floriculture sales in the U.S. totaled $5.87 billion in 2014 (U.S. Department of 
Agriculture, 2015), of which potted herbaceous perennials (excluding hardy/garden 
chrysanthemums) represented $742 million (13%) of total sales from just under 203 
million units. Approximately 107 million (62%) of these perennials were produced in 1 to 
2-gallon-sized containers, for a total market value of $457 million. Petroleum-based 
plastics are predominately used in the manufacture of horticultural containers (Evans and 
Hensley, 2004). Based on calculations updated with recent wholesale data (Schrader, 
2013; U.S. Department of Agriculture, 2015), containers used to produce 1 to 2-gallon 
herbaceous perennials consumed over 16.4 thousand metric tons of petroleum in 2014. 
Researchers reported most (74%) nursery and greenhouse crop producers use 
containers manufactured with recycled petroleum plastics (Dennis et al., 2010). 
Additionally, over 75% of plant containers used by container-crop producers are 
recyclable (Yue et al., 2010). These findings, however, do not indicate the total amount 
of recycled plastics used, or the relative proportion of virgin plastics used to manufacture 
new plant containers. Diversion of used plant containers into recycling programs is 
uniquely problematic for horticultural containers due to ultraviolet degradation and the 
potential presence of pesticide residues (Hall et al., 2010). Thus, despite efforts to reduce 
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plastic container waste by recycling, petroleum-based plastic containers continue to raise 
environmental concerns for container-crop producers. 
Researchers have investigated the use of various fiber-based plant containers in 
perennial production settings, including: coconut coir, fabric, keratin, recycled paper 
fiber, and wood pulp-based containers (Nambuthiri et al., 2015; Wang et al., 2015). 
However, this research reports reduced plant shoot and root weight, as well as water use 
efficiency among several fiber-based container types used to produce nursery crops when 
compared to petroleum-plastic containers (Wang et al., 2015). Similar results were found 
using fiber-based containers in greenhouse crop production of annual bedding plants 
(Koeser et al., 2008). Although irrigation water is an inexpensive input in container crop 
production, more frequent irrigations may be necessary when using these types of 
containers. This may strain available labor, affecting the ease by which crops are 
produced, and research has shown that ease of implementation strongly affects 
commercial grower adoption of sustainable practices (Hall et al., 2009). As a result, 
commercial producers could be deterred from using these types of containers.  
Containers made from bioplastics and biocomposites may offer an effective 
alternative to larger petroleum-plastic plant containers. Research conducted by Kratsch et 
al. (2015) using prototype trade 1-gallon size plant containers manufactured from 
biocomposites and bioplastics yielded positive plant growth and container quality results 
when compared to conventional petroleum-plastic containers. Additionally, commercially 
available paper fiber containers dip-coated in bio-based polyurethane produced plants of 
equal quality compared to plants grown in petroleum-plastic control containers (Kratsch 
et al., 2015; McCabe et al., 2014). These trials, however, were conducted in research 
68 
 
 
facilities, and in order to overcome grower skepticism if and when these containers 
become commercially available we wanted to compare growth of plants grown in these 
containers and their appearance and durability to conventional petroleum-plastic pots in 
commercial nursery settings.  
Smaller bioplastic plant containers have yielded positive results and garnered 
commercial greenhouse grower interest in annual bedding plant production settings (Flax 
et al., 2017). Additionally, commercial grower trials with new technologies such as soil 
moisture sensor-controlled irrigation have proven valuable in testing new crop production 
technologies (Chappel et al., 2013). Thus, our objectives were to: 1) quantify growth of 
herbaceous perennials grown in different types of bioplastic-based biocontainers 
compared to plants grown in petroleum-plastic containers, and 2) characterize 
commercial perennial producers’ perceptions of and interest in using bioplastic-based 
biocontainers in their cropping systems through a series of questionnaires and qualitative 
assessments of plant shoot and root quality, and container quality.   
 
Materials and Methods 
Container Types 
Successful molding of containers using standard commercial manufacturing 
machinery and positive plant growth and container degradation results served as the basis 
for container selection (Kratsch et al., 2015; McCabe et al., 2014). Bioplastic-based 
biocontainers (0.75 gal) molded by a commercial container manufacturer (Nursery 
Supplies, Chambersburg, PA) composed of (by weight) 80% PLA, a commercial 
bioplastic, and 20% BR, a bio-based filler derived from dried distiller’s grains and 
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solubles (BioRes™; Laurel Biocomposite, Laurel, NE), recycled paper fiber containers 
(0.71 gal; Myers Industries, Akron, OH) twice dip-coated in castor oil-based PUR, and 
petroleum-plastic containers (0.75 gal; Nursery Supplies) were used.  
 
Experimental Design, Grower Facilities, and Crop Culture  
This experiment was conducted using a randomized complete block design in 
factorial arrangement with grower (five levels) and container type (three levels) as 
factors. There were 20 replicates (individual containers) per container type per facility.  
Experiment plots were setup at five commercial grower facilities (coded as 
growers A through E) in the upper midwest U.S. between 1 and 5 June. Soilless substrate 
comprised of composted bark, sphagnum peat moss, perlite, and vermiculite (Metromix 
300; Sun Gro Horticulture, Agawam, MA) was taken to growers B, C, D. Growers A and 
E furnished their own soilless substrate containing controlled-release fertilizer (CRF), as 
use of water-soluble fertilizer was not part of their containerized perennial cropping 
scheme. Containers were filled by hand and seedlings of ‘Arizona Sun’ blanket flower 
and ‘Pow Wow Wild Berry’ purple coneflower were transplanted into containers. Plants 
were placed in production areas and grouped by species to accommodate differences in 
cultural requirements. Production areas at Growers A, B, and E were outdoors and 
unprotected, Grower C produced plants in a high tunnel and removed the covering after 
~4 weeks, and Grower D produced plants in a glass-glazed greenhouse. Data loggers 
(Watchdog Plant Growth Station Model 2475, Spectrum Technologies, Aurora, IL) were 
placed among plants to record environmental parameters throughout production (Table 
1). Fertilizer source and concentration were also reported, and growers who employed the 
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use of water-soluble fertilizers alternated fertilizer applications with clear water (Table 
1).  
 
Data Collection and Calculations 
Institutional Review Board-approved questionnaires were only administered to 
grower participants responsible for managing experiment crops. Pre-production 
questionnaires that characterized growers’ perceptions and interest in using bioplastic-
based biocontainers were administered prior to experiment initiation (Table 2). When 
production of both species was concluded, an identical post-production questionnaire was 
administered in order to characterize any changes in opinions or perceptions after 
producing plants in bioplastic-based biocontianers. Additionally, grower participants 
responded to two questionnaires that evaluated their satisfaction producing plants in our 
containers and their interest in unique properties intrinsic to other bioplastic-based 
containers (Tables 3 and 4).   
Growers rated plant shoots, roots, and quality of containers for each species when 
75% of plants within a given species had open flowers. Quality of shoots, roots, and 
containers were rated on a 1–5 Likert scale with 1 being very poor and 5 being excellent. 
Criteria supplied to growers for rating shoots, roots, and containers, and blinding factors 
that prevented growers’ ratings from being influenced by container types were as 
described by Flax et al. (2017). 
Plant growth data were collected after grower participants assigned shoot, root, 
and container ratings. Plant height from the substrate surface to the tallest growing point, 
widest diameter (diameter 1), and width 90° from the widest diameter (diameter 2) were 
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collected from randomly sampled plants (n = 15 per species per container type). The GI, 
an integrated measurement of plant size (Jeong et al., 2009), was calculated for each plant 
(GI = {plant height + [(diameter 1 + diameter 2) ∕ 2]} ∕ 2). Plants were harvested at the 
substrate surface, dried, and SDW was calculated. 
 
Statistical Analyses  
Analyses of variance (Table 5) were performed separately for each species using 
PROC GLM of SAS Version 9.4 (SAS Institute, Inc., Cary, NC), and mean separations 
were performed using Tukey’s honestly significant difference (HSD) test at P ≤ 0.05. 
Non-parametric analysis (Wilcoxon’s signed rank test, PROC UNIVARIATE of SAS) 
was used to analyze changes in grower perceptions and interest in using biocontainers in 
commercial nursery crop production. 
 
Results 
Plant Growth 
Container type and grower interacted to affect GI and SDW of blanket flower 
(Table 5). For example, across container types and within growers GI of blanket flower 
were similar at growers A, C, D, and E, while plants produced in PLA-BR containers by 
grower B were smaller compared to other container types (Table 6). Alternatively, across 
growers and within container types GI of plants produced in PUR containers were similar 
for growers A, B, and E (27.6–29.9) but blanket flower grown in PLA-BR containers by 
grower B were 23–26% smaller than growers A and E (Table 6). Coneflower GI was only 
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affected by grower (Table 5), and was largest at grower C and smallest at growers B and 
E. 
Blanket flower SDW was similar across container types and within growers A, D, 
and E, while plants produced in PLA-BR containers were 32 and 23% smaller than those 
grown in PP containers at growers B and C, respectively (Table 6). Within PLA-BR 
containers and across growers SDW of blanket flower was largest at grower C (24.4 g), 
smaller but similar among growers A, D, and E (9.6–12.0 g), and smallest at grower B 
(2.8 g). Coneflower SDW was also only affected by grower (Table 5), and exhibited the 
same differences across growers as GI; grower C produced plants with the largest SDW 
(35.4 g), and Growers B and E produced the smallest, respectively (4.4 and 6.7 g; Table 
7). 
  
Shoot and Root Ratings 
Shoot ratings of blanket flower were unaffected by container type or grower 
(Table 5). Ratings ranged from 3.7 to 3.9 within container types (pooled across growers) 
or 3.3 to 4.2 within growers (pooled across container types). Although coneflower shoot 
ratings were affected by grower (P=0.0467; Table 5), no statistical differences were 
detected by Tukey’s honestly significant difference (HSD) test (Table 7).  
Blanket flower root ratings were affected by container type or grower (Table 5). 
Root ratings were highest for blanket flower produced in PUR containers (4.7) and lowest 
for plants grown in PLA-BR (3.1) and PP containers (3.1; Table 8). Effect of grower on 
blanket flower root ratings was significant (P=0.0098); however, no differences were 
detected by Tukey’s HSD test (Table 9). Container type and grower interacted to affect 
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coneflower root ratings (Table 5). For example, grower C’s coneflower root ratings were 
similar across all container types (3.3–3.7), while grower D’s root ratings were highest 
among plants grown in PUR (3.7) and PLA-BR (4.3) containers and lowest for plants 
grown in PP containers (2.7 out of 5; Table 10). Alternatively, within container types 
coneflower root ratings of plants grown in PUR and PP containers were similar across 
growers, while root ratings of plants grown in PLA-BR containers differed from 2.0 to 
4.3 out of 5 (Table 10).  
 
Container Ratings 
Interaction of container type and grower affected both blanket flower and 
coneflower container ratings (Table 5). For instance, grower C rated PUR and PP blanket 
flower containers 5.0  and 3.0 out of 5, respectively, while grower B rated PUR 
containers 3.0 and PP containers 5.0 out of 5 (Table 6). Conversely, within container type 
PLA-BR blanket flower containers were rated highest by grower E (5.0) and lower (4.0 
out of 5) by other growers, and PUR containers were rated lowest by growers B and D 
and highest by growers A and C (Table 6). Within growers, PUR and PP coneflower 
containers were rated highest (both 5.0 out of 5) compared to PLA-BR (3.0) by grower A, 
while grower E rated PLA-BR containers highest (4.0 out of 5) and PUR and PP 
containers lowest (2.7 and 2.0 out of 5, respectively; Table 10). Alternatively, within 
container type growers A and D rated PP containers similarly (5.0 out of 5), but rated 
PUR containers differently (5.0 and 3.0, respectively; Table 10).  
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Questionnaires 
No changes in growers’ perceptions and interest in using biocontainers in 
containerized perennial production were observed between pre- and post-production 
questionnaires (Table 2). On a Likert scale of 1–4 (1 = really did not like, 4 = really 
liked) growers liked or really liked producing herbaceous perennials in the bioplastic-
based containers provided (Table 3). Responses to the biocontainer attributes 
questionnaire suggest perennial producers are interested in containers that provide 
additional functions during production, though no single attribute was more important 
(Table 4).  
 
Discussion 
Growth and development of blanket flower and coneflower can be affected by 
environmental factors and crop culture practices and (Evans and Lyons, 1988; Hayashi et 
al., 2001; Pilon, 2006; Yuan et al., 1998; Zheng et al., 2006). Thus, differences observed 
among growth of blanket flower and coneflower within container types and across 
grower facilities were expected due to varying environmental parameters and crop 
cultural practices employed by grower participants (Table 1). Within growers, SDW of 
blanket flower was the only growth parameter affected by container type. However, we 
do not believe these differences are commercially significant, as GI was largely 
unaffected by container type and plants were of salable size and quality across containers. 
 Shoot ratings of both blanket flower and coneflower were unaffected by container type 
(Table 5). This agrees with other research that investigated the use of bioplastic-based 
biocontainers in greenhouse crop production of annual bedding plants, where container 
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type seldom affected shoot ratings within a given grower facility (Flax et al., 2017). 
Additionally, bioplastic-based biocontainers used in our experiment were larger versions 
of PLA-BR and PUR containers used by Flax et al. (2017). Shoot ratings of plants grown 
in PLA-BR and PUR containers are consistently similar to shoots of plants grown in PP 
containers in both experiments. This suggests PLA-BR and PUR containers may be 
strong candidates for use in the perennial crops industry, as well as in annual bedding 
plant production. 
Though no data were collected on substrate temperature in this experiment, 
blanket flower roots were visibly stunted on the south- and west-facing sides of root 
profiles in PLA-BR and PP containers while roots in PUR containers were healthy and 
robust throughout. Research has reported reduced root growth of perennial crops when 
substrate temperatures exceed 86 ˚F (Johnson and Ingram, 1984; Mathers, 2003). 
Additionally, lower maximum root zone temperatures have been reported when using 
fiber-based containers compared to black petroleum-based plastic pots (Biddinger et al., 
1999; Ruter et al., 2000). Researchers have postulated that the lighter color of fiber 
containers allows for greater reflection of heat from the sun (Mathers et al., 2007).  
Blanket flower root ratings were highest among plants grown in PUR containers, and we 
postulate that substrate temperature may be related to these differences. Investing the 
effects of bioplastic-based biocontainers on substrate temperature and root growth could 
aid in determining whether these containers can be used to optimize crop root health or 
vigor. 
We have found limited information on biocontainer appearance and grower 
preferences of containers in nursery crop production. However, research has reported 
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aesthetics of different biocontainers are affected by properties intrinsic to container 
materials (Flax et al., 2017; Lopez and Camberato, 2011). For example, compostable 
containers such as PLA-BR pots were rated differently when used in annual bedding 
plant production (Flax et al., 2017), and differences in appearance ranged from 1.0 to 5.0 
out of 5. Similarly, Lopez and Camberato (2011) also reported that the appearance of 
biocontainers used to produce ‘Eckespoint Classic Red’ poinsettia ranged from 1.4–5.0 
out of 5 after 14 weeks in production. In both experiments, more-degradable and porous 
containers were often rated lower than petroleum-based plastic containers due to presence 
of algae on containers or physical degradation. In this experiment, container ratings 
varied considerably among growers and container types, and, though most container 
types received above-average ratings (3.0 or higher out of 5), PP containers were rated 
lower than PLA-BR or PUR containers 50% of the time across both species (Tables 6 and 
10). This suggests that perennial crop producers may be more interested in using 
alternative nursery containers manufactured from bioplastics. 
Grower participants demonstrated confidence in their ability to produce 
herbaceous perennials in the bioplastic-based containers provided. Though scores 
improved between pre- and post-production questionnaires, no statistical changes were 
detected in responses to questionnaires investigating perceptions and interest in using 
bioplastic-based biocontainers; grower responses also demonstrated interest in using 
these types of containers (Table 2). Additionally, growers expectations of the containers 
provided were exceeded overall and they liked producing plants in them (Table 3). This 
suggests that commercial nursery producers would be willing to integrate these types of 
containers into their crop production systems if made commercially available. Similarly 
77 
 
 
to Flax et al. (2017), grower participants were interested in different attributes intrinsic to 
bioplastic-based containers, but no particular additional container function was demanded 
more than others. 
 
Conclusions 
 Our findings indicate commercial nursery producers can successfully grow 
herbaceous perennials in bioplastic-based biocontainers, and these containers show 
potential for replacing conventional petroleum-based plastic containers in perennial 
production systems. Plant size was generally unaffected by container type, and shoot and 
root quality of plants produced in bioplastic containers was greater than or equal to plants 
grown in PP containers. Container quality ratings did not appear to be a function of 
container type, rather they were more subject to personal preferences of individual 
growers. Overall, growers seemed less interested in the standard PP containers compared 
to PLA-BR and PUR containers. Due to the relatively short crop times in this experiment 
compared to production times for some woody perennials, we recommend that further 
research be conducted using these containers with crops that span multiple production 
seasons. Additionally, commercial producers should conduct their own trials as 
bioplastic-based nursery containers become commercially available to determine whether 
or not they can be easily integrated into production schemes. 
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Tables and Figures 
Table 1. Facility, environmental parameters, and crop culture practices were recorded, 
including average daily temperature (ADT), daily light integral (DLI), fertilizer source 
[water soluble (WSF) or controlled-release (CRF) fertilizer], analysis, and N 
concentration, for ‘Arizona Sun’ blanket flower and ‘Pow Wow Wild Berry’ purple 
coneflower grown in two types of #1 trade gallon [0.75 gal (2.84 L)] bioplastic-based 
biocontainers and a petroleum-based plastic (control) container at five commercial 
nurseries in the upper midwest U.S. Applications of WSF to crops were alternated with 
clear water irrigations. 
Grower 
ADT 
[mean ± SD (˚F)]z 
DLI 
(mol∙m–2∙d–1) 
Fertilizer  
(source, N–P–K, concn) 
A 72.9 ± 11.3 49.5  WSF, 20–4.4–17.6, 125 ppm N 
B 68.7 ± 12.5 30.4 WSF, 17–1.8–15, 200 ppm N 
C 70.9 ± 10.6 30.8 CRF
y
, 17–2.2–9.7, 5 lb/yd3 
D 75.2 ± 8.8 21.1 WSF, 17-0-15, 140 ppm N + MKP
v
, 10 
ppm 
E 69.7 ± 11.0 32.4 WSF, 16–1.3–14.1 
z˚F = (˚C × 1.8) + 32, 1 ppm = 1 mg∙L-1; 1 lb/yard3 = 0.5933 kg∙m–3. 
y
In-house soilless substrate with CRF incorporated was used in place of the soilless 
substrate brought to the other facilities, as this was the primary source of mineral 
nutrients in their normal bedding annual cropping scheme.
 
v
Monopotassium phosphate.
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Table 2. Commercial nursery grower perceptions of and interest in using bioplastic-
based plant containers before and after producing ‘Arizona Sun’ blanket flower and 
‘Pow Wow Wild Berry’ purple coneflower in two types of #1 trade gallon [0.75 gal 
(2.84 L)] bioplastic-based biocontainers and a petroleum-based plastic (control) 
container at five commercial nurseries in the upper midwest U.S. 
 Response  
(1–4 scale) 
Question Before After Sig.
z
 
I am ___ in using biocontainer in containerized 
greenhouse crop production.
y 
2.4 3.0 NS 
I am ___ in using biocontainers in containerized 
greenhouse crop production that affect crop 
development and management.
y
 
2.6 3.2 NS 
I am ___ that I can produce a high-quality crop of 
plants in biocontainers.
x 
2.6 3.4 NS 
The appearance of a biocontainer ___ my 
perception of the ability to produce a high-quality 
crop of plants in biocontainers.
w
 
2.0 1.8 NS 
zSignificance using Wilcoxon’s signed rank test; NS = nonsignificant. 
y
Likert-scale response; 1 = very uninterested, 2 = uninterested, 3 = interested, 4 = very 
interested. 
x
Likert-scale response; 1 = very unconvinced, 2 = unconvinced, 3 = convinced, 4 =  
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Table 2. continued 
very convinced. 
w
Likert-scale response; 1 = really does not affect, 2 = does not affect, 3 = affects, 4 = 
strongly affects. 
 
 
Table 3. Commercial nursery grower satisfaction producing ‘Arizona Sun’ blanket 
flower and ‘Pow Wow Wild Berry’ purple coneflower in two types of #1 trade gallon 
[0.75 gal (2.84 L)] bioplastic-based biocontainers and a petroleum-based plastic 
(control) container at five commercial nurseries in the upper midwest U.S. was 
measured via a questionnaire administered to grower participants after both species 
were harvested. 
                                                                       Response (1–4 scale) 
 Grower 
Question A B C D E F 
To what level did growing plants in these 
biocontainers match your expectations?
z
 
4.0 3.0 4.0 4.0 3.0 4.0 
How did you like growing plants in the 
biocontainers provided?
y
 
4.0 4.0 4.0 3.0 3.0 4.0 
z
Likert-scale responses; 1 = did not meet expectations by far, 2 = did not meet 
expectations, 3 = exceeded expectations 4 = exceeded expectations by far. 
y
Likert-scale responses; 1 = really did not like, 2 = did not like, 3 = liked, 4 = really 
liked. 
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Table 4. Commercial nursery growers demonstrated interest in a range of intrinsic physical and 
chemical properties, categorized by Schrader et al. (2015), after producing ‘Arizona Sun’ 
blanket flower and ‘Pow Wow Wild Berry’ purple coneflower grown in two types of #1 trade 
gallon [0.75 gal (2.84 L)] bioplastic-based biocontainers and a petroleum-based plastic 
(control) container at five commercial nurseries in the upper midwest U.S. through responses 
to a questionnaire administered after both species were harvested. 
Question                                                                        Response (1–5 scale)z  
Would you be interested in a container that biodegrades quickly in soil 
when planted with the container? 
3.2 a
y
 
Would you be interested in a biocontainer that biodegrades when 
placed into the compost? 
2.8 a 
Would you be interested in a biocontainer that releases fertilizer 
during crop production (i.e. N, P, K)? 
3.4 a 
Would you be interested in a biocontainer that reduces circling root 
formation? 
3.2 a 
Would you be interested in a biocontainer that appears nearly identical 
to petroleum plastic containers? 
3.0 a 
Would you be interested in a biocontainer if it were not made of 100% 
bio-based materials? 
2.6 a 
Would you be interested in a biocontainer if it appeared identical to a 
colored petroleum plastic container, but the coloring agent was not 
bio-based material?
 
3.0 a 
z
Likert-scale; 1 = very uninterested, 2 = uninterested, 3 = interested, 4 = very interested. 
y
Means that share letters are similar using Tukey’s HSD test at P ≤ 0.05. 
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Table 5. Analyses of variance of container type (C) and grower (G) on growth index 
(GI), shoot dry weight (SDW), and aesthetic quality of shoots, roots, and containers for 
‘Arizona Sun’ blanket flower and ‘Pow Wow Wild Berry’ purple coneflower grown in 
two types of #1 trade gallon [0.75 gal (2.84 L)] bioplastic-based biocontainers and a 
petroleum-based plastic (control) container at five commercial nurseries in the upper 
midwest U.S. Significance of main effects and interactions were detected using PROC 
GLM of SAS Version 9.4 (SAS Institute, Cary, NC). 
Parameter C G C × G 
 Blanket flower 
GI NS *** **
v
 
SDW ** *** ** 
Shoot rating NS NS NS 
Root rating *** ** NS 
Container rating *** *** *** 
 Purple coneflower 
GI NS
y
 ***
x
 NS 
SDW NS *** NS 
Shoot rating NS   *
w
 NS 
Root rating NS * * 
Container rating *** *** *** 
z
NS, *, **, *** Nonsignificant or significant at P ≤ 0.05, 0.01, or 0.001, respectively. 
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Table 6. Growth index (GI), shoot dry weight (SDW) and grower quality ratings of 
containers used to produce ‘Arizona Sun’ blanket flower in two types of #1 trade 
gallon [0.75 gal (2.84 L)] bioplastic-based biocontainers and a petroleum-based plastic 
(control) container at five commercial nurseries in the upper midwest U.S. Data were 
collected when 75% of plants were in flower at a given grower facility, and mean 
separations were performed using Tukey’s honestly significant difference (HSD) test. 
 Grower  
Container type
z
 A B C D E 
 GI
y
 
PLA/BR 30.8 aC
x
 22.9 bD 46.6 aA 39.7 aB 29.6 aC 
PUR 29.9 aC 27.6 aC 46.8 aA 37.2 aB 28.1 aC 
PP 30.6 aC 26.3 aD 47.5 aA 40.4 aB 29.0 aCD 
 SDW (g)
w
 
PLA/BR 12.0 aB 2.8 cC 24.4 bA 10.8 aB 9.6 aB 
PUR 11.5 aB 5.2 aC 28.2 abA 10.7 aB 9.6 aB 
PP 12.2 aB 4.1 bC 31.7 aA 11.2 aB 9.7 aB 
 Container rating (1-5 scale)
v
 
PLA/BR 4.0 bB
t
 4.0 bB 4.0 bB 4.0 bB 5.0 aA 
PUR 5.0 aA 3.0 cC 5.0 aA 3.0 cC 4.0 bB 
PP 4.0 bB 5.0 aA 3.0 cC 5.0 aA 3.0 cC 
z
PLA =  polylactic acid, BR = a proprietary bio-based filler derived from dried 
distiller’s grains and solubles, PUR = commercially available recycled paper fiber 
container twice dip-coated in castor oil-based biopolyurethane, PP = petroleum-based  
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Table 6. Continued 
plastic. 
yGrowth index = {plant height + [(diameter 1 + diameter 2) ∕ 2]} ∕ 2. 
x
Means within columns (lowercase letters) and within rows (uppercase letters) that 
share letters are similar using Tukey’s HSD test at P ≤ 0.05; n = 15 per container type, 
per species, per grower. 
w
1 g = 0.0353 oz. 
v
Ratings were assigned by commercial grower participants in charge of managing 
experiments at each nursery on a Likert-scale; 1 = very poor quality, 2 = below average 
quality, 3 = average quality, 4 = above average quality, 5 = excellent quality. 
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Table 7. Growth index (GI), shoot dry weight (SDW), and shoot quality ratings of 
‘Pow Wow Wild Berry’ purple coneflower grown in two types of #1 trade gallon [0.75 
gal (2.84 L)] bioplastic-based biocontainers and a petroleum-based plastic (control) 
container at five commercial nurseries in the upper midwest U.S. Data were collected 
when 75% of plants were in flower at a given grower facility, and were pooled across 
container types and within growers. Mean separations were performed using Tukey’s 
honestly significant difference (HSD) test. 
Grower GI
z
 SDW (g)
y
 
Shoot rating  
(1–5 scale)x 
A 40.4 c
w
 19.9 b 4.6 a 
B 30.0 d 4.4 c 3.2 a 
C 57.4 a 35.4 a 3.8 a 
D 43.4 b 20.2 b 3.3 a 
E 30.2 d 6.7 c 4.1 a 
zGrowth index = {plant height + [(diameter 1 + diameter 2) ∕ 2]} ∕ 2. 
y
1 g = 0.0353 oz. 
x
Ratings were assigned by commercial grower participants in charge of managing 
experiments at each nursery on a Likert-scale; 1 = very poor quality, 2 = below average 
quality, 3 = average quality, 4 = above average quality, 5 = excellent quality. 
w
Means within columns followed by same letters are similar using Tukey’s HSD test at 
P ≤ 0.05. 
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Table 8. Grower quality ratings for root systems of ‘Arizona Sun’ blanket flower 
grown in two types of #1 trade gallon [0.75 gal (2.84 L)] bioplastic-based biocontainers 
and a petroleum-based plastic (control) container at five commercial nurseries in the 
upper midwest U.S. Data were collected when 75% of plants were in flower at a given 
grower facility, and data were pooled across grower facilities and within container 
types. Mean separations were performed using Tukey’s honestly significant difference 
(HSD) test. 
Container type
z
 Root rating (1–5 scale)y 
PLA-BR 3.1 b
x
 
PUR 4.7 a 
PP 3.6 b 
z
PLA =  polylactic acid, BR = a proprietary bio-based filler derived from dried 
distiller’s grains and solubles, PUR = commercially available recycled paper fiber 
container twice dip-coated in castor oil-based biopolyurethane, PP = petroleum-based 
plastic. 
y
Ratings were assigned by commercial grower participants in charge of managing 
experiments at each nursery on a Likert-scale; 1 = very poor quality, 2 = below average 
quality, 3 = average quality, 4 = above average quality, 5 = excellent quality.
 
x
Means within columns followed by the same letters are similar using Tukey’s HSD 
test at P ≤ 0.05. 
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Table 9. Grower quality ratings for root systems of ‘Arizona Sun’ blanket flower 
grown in two types of #1 trade gallon [0.75 gal (2.84 L)] bioplastic-based biocontainers 
and a petroleum-based plastic (control) container at five commercial nurseries in the 
upper midwest U.S. Data were collected when 75% of plants were in flower at a given 
grower facility, and data were pooled across container types and within growers. Mean 
separations were performed using Tukey’s honestly significant difference (HSD) test. 
Grower Root rating
z
 
A 4.1 a
y
 
B 3.1 a 
C 4.1 a 
D 3.2 a 
E 4.1 a 
z
Rating are on a Likert scale of 1–5; 5 being the highest and 1 being lowest. 
y
Means within columns followed by the same letters are similar by Tukey’s honest 
significant difference test at P ≤ 0.05. 
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Table 10.  Grower quality ratings for root systems and containers ‘Pow Wow Wild 
Berry’ purple coneflower grown in two types of #1 trade gallon [0.75 gal (2.84 L)] 
bioplastic-based biocontainers and a petroleum-based plastic (control) container at five 
commercial nurseries in the upper midwest U.S. Data were collected when 75% of 
plants were in flower at a given grower facility, and mean separations were performed 
using Tukey’s honestly significant difference (HSD) test. 
 Grower  
Container type
z
 A B C D E 
 Root rating (1–5 scale)y 
PLA/BR 4.3 aA
x
 2.0 aC 3.7 aAB 4.3 aA 2.3 aBC 
PUR 3.3 aA 3.0 aA 3.7 aA 3.7 aA 3.7 aA 
PP 3.0 aA 2.7 aA 3.3 aA 2.7 bA 4.3 aA 
 Container rating (1–5 scale)y 
PLA/BR 3.0 bB 2.0 cC 4.0 aA 4.0 bA 4.0 aA 
PUR 5.0 aA 3.0 bC 4.0 aB 3.0 cC 2.7 bC 
PP 5.0 aA 4.0 aB 3.0 bC 5.0 aA 2.0 bD 
z
PLA =  polylactic acid, BR = a proprietary bio-based filler derived from dried distiller’s grains 
and solubles, PUR = commercially available recycled paper fiber container twice dip-coated in 
castor oil-based biopolyurethane, PP = petroleum- plastic. 
y
Ratings were assigned by commercial grower participants in charge of managing experiments 
at each nursery on a Likert-scale; 1 = very poor quality, 2 = below average quality, 3 = average 
quality, 4 = above average quality, 5 = excellent quality. 
x
Means within columns (lowercase letters) and within rows (uppercase letters) that share letters 
are similar by Tukey’s HSD test at P ≤ 0.05. 
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CHAPTER 4. COCONUT COIR AND PEAT BIOCONTAINERS DIMINISH 
PACLOBUTRAZOL DRENCH REQUIREMENTS BUT NOT ACTIVITY 
 
A paper prepared for submission to HortScience 
Nicholas J. Flax, Christopher J. Currey, James A. Schrader, David Grewell,  
and William R. Graves 
 
Abstract 
Growth and development of Angelonia angustifolia Benth. ‘Serena White’ and 
Petunia × hybrida Vilm. ‘Wave® Purple Improved Prostrate’ grown in seven types of 
biocontainers or petroleum plastic (control), and treated with paclobutrazol drenches was 
quantified. Containers included: bioplastic containers manufactured from (by mass) 90% 
polylactic acid (PLA) and 10% lignin [PLA-lignin (90/10)], and 60% PLA and 40% soy 
polymer with adipic anhydride {SP.A; [PLA-SP.A] (60/40)]}, biopolyurethane-coated 
paper fiber, uncoated paper fiber, rice hull, coconut coir, peat, and petroleum plastic 
(control). Containers were filled with 590 mL of substrate composed of (by vol.) 75% 
canadian sphagnum peat moss and 25% perlite. Ten days after transplanting seedlings, 70 
mL aliquots of deionized water containing 0, 1, 2.5, 5, 10, or 20 mg∙L–1 paclobutrazol 
were applied to the substrate surface as drenches. The date the first flower opened was 
recorded for each plant, and growth data were collected six weeks after transplant; shoots 
were harvested, dried, and shoot dry mass (SDM) was recorded. Growth index (GI; 
angelonia) and diameter (petunia), and time to flower were calculated. Container type and 
paclobutrazol concentration interacted to affect size and SDM of angelonia and petunia. 
Growth index of angelonia treated with 0 mg∙L–1 paclobutrazol and grown in coir and 
peat containers were 19–29% and 29–38% smaller than plants in other container types, 
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respectively. Diameter of untreated petunia grown in peat containers was similar to coir 
and uncoated paper fiber, but was smaller (10.9–13.5 cm) than plants grown in other 
container types. Shoot dry mass of petunia grown in coir containers were the same for 0–
20 mg∙L–1 treatments, while plants in rice hull containers were only similar for treatments 
of 0–2.5 mg∙L–1. Our results indicate that growth suppression of angelonia and petunia 
grown in biocontainers using paclobutrazol drenches varies by type of biocontainer. 
Producers should reduce paclobutrazol drench concentrations to produce plants of 
appropriate size if substituting coir or peat biocontainers for traditional petroleum 
plastics, while no adjustment in PGR drench concentrations are required for plants 
produced in other biocontainer types we used. 
 
Introduction 
 The wholesale value of floriculture crops in the US exceeded $5.87 billion in 
2014 (U.S. Department of Agriculture, 2015), of which approximately 44% ($2.56 
billion) was attributed to annual bedding and garden plants. Unlike food-crop producers, 
for whom fruit yield or biomass cultivation is the primary objective, bedding-plant 
producers cultivate high-quality aesthetics. Commercial bedding-plant producers 
oftentimes grow a wide range of taxa in common environments which presents 
challenges, as plants respond differently to environmental conditions and cultural factors 
(Blanchard and Runkle, 2011; Andersson, 2011).  
 In order to produce plants of acceptable size and quality, bedding-plant producers 
manipulate environmental parameters such as light and temperature (Faust et al., 2005; 
Erwin et al., 1989) or utilize crop culture practices such as withholding water (Alem et 
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al., 2016) or changing mineral nutrient source, concentration, or delivery system (Klock-
Moore and Broschat, 2001) to control growth. However, providing species-specific 
cultural practices can be challenging in production environments with many taxa, and 
may not be practical or feasible depending on the facility and available equipment. Plant 
growth retardants (PGRs) are frequently used in bedding-plant production to restrict 
growth of plants, as they can be easily applied without compromising quality of adjacent 
crops. 
 Plant growth retardants are often applied as foliar sprays, but research has shown 
that longer-term growth restriction and more uniform control can be achieved when they 
are applied as substrate drenches (Boldt, 2008; Gent and McAvoy, 2000; Whipker et al., 
2006). As a result, PGR drench applications have become a preferred method among 
many producers (Bonamino and Larson, 1978). Triazoles are the most effective class of 
PGR labeled for use on flowering ornamental plants; growth control of flowering plants 
can be achieved when using substrate drench concentrations as low as 0.05 mg∙L–1 
(Currey and Lopez, 2011). Efficacy of PGR applications can be affected by plant genetics 
(Currey et al., 2016a), active ingredient (Currey et al., 2016b), application method 
(Hawkins et al., 2015), and, in the case of substrate drenches, substrate components 
(Barrett, 1982; Bonaminio and Larson, 1978; Currey et al., 2010). Triazole PGRs are 
readily absorbed by organic substrate components such as sphagnum peat moss (Barrett, 
1982), and the addition of organic substrate amendments affects drench efficacy 
differently. When pine bark is included as a substrate component, the efficacy of PGR 
drenches is reduced (Bonaminio and Larson, 1978), whereas the presence of parboiled 
rice hulls in substrate does not affect efficacy (Currey et al., 2010).  
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 Biocontainers, made from a wide variety of organic parent materials, offer 
sustainable alternatives to the thousands of metric tons of petroleum plastic containers 
used annually to produce annual bedding plants (Schrader, 2013). With new types of 
biocontainers, such as those made of bioplastics or biocomposites, entering the 
commercial market (Currey et al., 2013; Currey et al., 2015), we hypothesized that 
biocontainers made from various materials would affect the efficacy of PGR drenches in 
a manner similar to substrate components. Our objectives were to investigate the effect of 
biocontainer materials on efficacy of PGR drench efficacy by using a variety of 
commercially available and novel bioplastic containers. 
 
Materials and Methods 
Container Types 
Eight types of biocontainers were used, ranging from commercially available 
biocontainers to novel, commercial-grade bioplastic and biocomposite plant containers 
(Table 1). Containers types were selected to represent the wide range of biocontainer 
materials available. 
 
Paclobutrazol Treatments and Culture 
Containers filled with 590mL of commercial substrate composed of canadian 
sphagnum peat moss, perlite, dolomitic limestone, and wetting agent (Sunshine Mix #1; 
Sun Gro Horticulture, Agawam, MA); the same amount of substrate was used to account 
for different container volumes. Seedlings of angelonia and petunia were transplanted 
individually into containers on 09 Sep. and 11 Nov. 2015, respectively. Paclobutrazol 
98 
 
 
drenches were applied to the substrate surface 10 d after transplant; treatments consisted 
of 70 mL aliquots of deionized water containing 0, 1, 2.5, 5, 10, or 20 mg∙L–1 
paclobutrazol.  
Plants were grown for 6 w in a glass-glazed greenhouse with retractable shade 
curtains, fog cooling, radiant hot-water heating, and 1000-W high-pressure sodium lamps 
that operated between 0600 and 2200 HRS to provide a supplemental photosynthetic 
photon flux (PPF) of ~164 ± 20 µmol·m
–2∙s–1 at plant height [measured by a quantum 
sensor (LI-190 SB; LI-COR Biosciences, Lincoln, NE)] and maintain a target daily light 
integral of ~13 mol·m
–2∙d–1. Average daily air temperature was recorded by temperature 
probes (41342; R.M. Young Company, Traverse City, MI) housed within actively 
aspirated radiation shields (43502; R.M. Young Company). Quantum sensors and 
temperature probes were connected to a data logger (CR1000 Measurement and Control 
System; Campbell Scientific, Logan, UT) that measured air temperature and PPF every 
15 s, and logged averages every 15 min (Table 2). Greenhouse environment setpoints 
were maintained by an environment control computer (Titan; ARGUS Control Systems, 
Surrey, BC, Canada).  
Plants were fertilized once per week with a blended water-soluble fertilizer [50 
and 100 mg L
–1
 nitrogen provided from 21N–2.2P–16.6K and 15N–2.2P–12.5K, 
respectively (Everris NA Inc., Marysville, OH)] to provide (in mg
–2
·L
–1
): 150 N, 8.6 P, 
92.2 K, 33.3 Ca, 13.3 Mg, 0.75 Fe, 0.4 Mn and Zn, 0.2 Cu and B, and 0.5 Mo. Between 
fertilizer applications plants were irrigated with tempered municipal water with no 
leaching. Based on results from a preliminary experiment (data not presented), plants 
were blocked by container type to ensure moisture management was uniform across 
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paclobutrazol concentrations within each container type; all plants within a given 
container type and paclobutrazol concentration combination were watered as needed 
when the substrate surface was dry, and the number of irrigations, including fertilizer 
applications, was recorded. 
 
Data Collection and Calculations 
Plant growth data were collected 6 w after transplant. Height, widest diameter and 
perpendicular diameter of each plant were recorded, and Growth Index (GI), an 
integrated measurement of plant size (Jeong et al., 2009) was calculated (GI = {plant 
height + [(diameter 1 + diameter 2)/2]}/2) for angelonia. Due to the prostrate growth 
habit of petunia, height was not measured. Instead of calculating GI, diameter 1 and 
diameter 2 were used to calculate the mean shoot diameter of petunia. Shoots were 
severed at the substrate surface, dried in a forced-air oven at 67 °C for 3 d, weighed, and 
shoot dry mass (SDM) was recorded. Date of the first open flower of each plant was 
recorded, and time to flower was calculated. 
 
Experimental Design and Statistical Analyses 
This experiment was conducted using a randomized complete block design in 
factorial arrangement with container type (eight levels) and paclobutrazol concentration 
(six levels) as factors; each factorial was replicated seven times (n = 7). Analyses of 
variance were performed using PROC GLM of SAS Version 9.4 (SAS Institute, Inc., 
Cary, NC), and mean separations were performed using Tukey’s honestly significant 
difference (HSD) test at P ≤ 0.05. 
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Results 
Angelonia 
Time to flower was affected by both container type and paclobutrazol 
concentration, however, no interactions were observed (Table 3). Plants in PLA-lignin 
containers flowered ~3 d earlier than peat containers (Table 4). Alternatively, plants 
treated with 0 mg·L
–1 
paclobutrazol flowered ~4 d earlier than those treated with 20 
mg·L
–1
 (Table 5). 
Container type and paclobutrazol concentration interacted to affect GI (Table 3). 
Differences in GI of plants treated with 0 mg·L
–1
 paclobutrazol were observed. Plants 
produced in peat and coconut coir containers were 29–38% and 19–29% smaller than 
those grown in other container types, respectively, while plants in all other container 
types were similar (Table 6). Alternatively, differences in GI across container types and 
within paclobutrazol concentration for plants treated with 5 or 10 mg·L
–1
 only occurred 
for plants grown in peat containers (29–31 % and 24–34% smaller, respectively; Table 
6). Within container type, GI of plants produced in coir containers and treated with 5 
mg·L
–1 
paclobutrazol (17.2) were 26% smaller than the 0 mg·L
–1 
control plants (23.0), 
whereas angelonia in PLA-SP.A containers treated with 5 mg·L
–1 
paclobutrazol (17.5) 
were 43% smaller than their corresponding control (30.5; Table 6).  
Container type and paclobutrazol concentration also interacted to affect SDM 
(Table 3). Shoot dry mass of plants treated with 0 mg·L
–1 
paclobutrazol and grown in 
PLA-lignin containers was greatest (5.4 g) and was similar to plants in PLA-SP.A, rice 
hull, and petroleum plastic containers (Table 6). Plants in biopolyurethane-coated paper 
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(4.4 g) and uncoated paper (4.3 g) containers were 19–20% smaller than PLA-lignin, and 
coir and peat containers were 53–67% smaller, respectively (Table 6). Alternatively, at 1 
mg·L
–1 
paclobutrazol plants produced in PLA-SP.A containers were largest (5.1 g), and 
were only similar to PLA-lignin, and petroleum plastic (4.5 and 4.7 g, respectively), 
while plants in other container types were 25–71% smaller than those in PLA-SP.A 
(Table 6).  
 
Petunia 
Time to flower was affected by container type and paclobutrazol concentration, 
though no interactions were observed (Table 3). Plants produced in coconut coir and peat 
containers flowered 2–5.1 and 2.7–5.8 d later than those in other container types, 
respectively (Table 4). Alternatively, plants treated with 10 and 20 mg·L
–1 
paclobutrazol 
flowered ~2 d later than those treated with 0 mg·L
–1
, while flowering time was similar for 
plants that received all other concentrations (Table 5). 
Container type and paclobutrazol concentration interacted to affect diameter of 
petunia (Table 3). Plants treated with 0 mg·L
–1 
paclobutrazol and grown in peat 
containers (23.4 cm) were similar to plants grown in uncoated paper (28.9 cm) and 
coconut coir (29.9 cm) containers and were 32–37% smaller than those grown in other 
container types (Table 7). Conversely, diameter of plants in peat containers and treated 
with 10 mg·L
–1 
paclobutrazol were similar to those in PLA-lignin containers, and 22–
30% smaller than plants in other container types that received the same PGR treatment 
(Table 7). Within container type and across paclobutrazol concentrations, diameter of 
petunia grown in coir and treated with up to 10 mg·L
–1 
paclobutrazol were similar (29.9–
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25.6 cm), however, within biopolyurethane-coated paper containers only plants treated 
with 0–2 mg·L–1 were similar in diameter (35.2–32.4 cm; Table 7).  
Container type and paclobutrazol concentration also interacted to affect SDM 
(Table 3). Plants treated with 0 mg·L
–1 
paclobutrazol in rice hull containers had the 
highest SDM (8.3 g) and were similar to plants in PLA-SP.A (7.9 g) and petroleum 
plastic (7.6 g) containers; plants in all other container types were 15–78% smaller (Table 
7). Conversely, plants treated with 5 mg·L
–1 
paclobutrazol were largest among those 
grown in PLA-SP.A (6.5 g) containers and were similar to those grown in PLA-lignin 
(5.5 g), uncoated paper (5.8 g), and rice hull (6.3 g) containers, while plants grown in 
remaining container types were 18–65% smaller (Table 7). Plants produced in coir 
containers were similar for 0–20 mg·L–1 paclobutrazol treatments, whereas plants in 
petroleum plastic containers that received PGR treatments were 13–53% smaller than 
those in the 0 mg·L
–1 
control treatment. 
 
Discussion 
Increasing paclobutrazol concentration led to suppressed growth of angelonia and 
petunia across biocontainer types, with growth suppression increasing with concentration 
(Tables 6 and 7). Research has demonstrated that growth inhibition of containerized 
ornamental plants increases with increasing concentrations of PGRs up to a species- or 
cultivar-specific concentration, at which suppression is saturated (Barrett, 1982; Currey et 
al., 2016a; Currey et al., 2016b; De Hertogh et al., 1976; Whipker et al., 2006).  
While inhibition of angelonia and petunia growth followed a similar trend across 
biocontainers with increasing paclobutrazol concentrations, the magnitude of growth 
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suppression was greater for plants grown in certain biocontainers. For example, plants 
grown in peat containers and treated with paclobutrazol were 32–35% shorter than plants 
grown in petroleum plastic containers at the same concentrations. However, these same 
discrepancies in growth across biocontainer types were measured in plants treated with 0 
mg·L
–1
. The GI of untreated angelonia in coconut coir and peat containers, and diameter 
of petunia grown in peat containers were smaller than other container types (Tables 6 and 
7), while size of untreated angelonia and petunia grown in other container types were 
similar to those in petroleum plastic containers. Additionally, SDM of both untreated 
angelonia and petunia were lowest for plants grown in coconut coir and peat containers, 
whereas SDM of untreated plants in other container types were comparable to plants in 
petroleum plastic containers (Tables 6 and 7). Biocontainers affected paclobutrazol 
drench efficacy by altering plant growth, not by reducing or enhancing the activity of the 
PGR. For example, untreated angelonia in peat containers were closer in size to plants in 
other container types treated with 5 mg·L
–1 
paclobutrazol than plants in these containers 
were to their respective untreated controls (Fig. 1). Alternatively, untreated petunia 
grown in peat containers were more similar in size to plants in coir containers treated 
with 5 mg·L
–1 
paclobutrazol, or to plants treated with 10 mg·L
–1 
in other container types 
than plants in these containers were to their corresponding untreated controls (Fig. 2). 
We postulate that reduced water use efficiency (WUE) may have been the source 
of growth inhibition for plants grown in coir and peat containers. Applications of PGRs 
can improve WUE (Ahmad et al., 2014), and across container types, plants were irrigated 
less frequently as paclobutrazol drench concentrations increased. However, in this 
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experiment reduced growth was observed among untreated plants grown in coir and peat 
containers compared to those in other container types (Tables 6 and 7, Figs. 1 and 2). 
 Untreated angelonia grown in coir and peat containers required 30 and 34 
irrigations, respectively, compared to those in petroleum plastic containers which 
required only 20. Similarly, untreated petunia grown in coir and peat required 26 and 28 
irrigations, respectively, compared to plants grown in petroleum plastic containers that 
required 19. Researchers have reported that biocontainers made from porous or absorbent 
fiber materials have poorer WUE (Evans and Hensley, 2004; Evans et al., 2010). In an 
experiment comparing growth of four flowering annual bedding-plant species in peat and 
poultry-feather pots to those grown in petroleum plastic containers, plants produced in 
peat containers were smaller than those grown in petroleum plastic. In a subsequent 
study, Evans et al. (2010) also reported that geraniums produced in 10.2-cm-diameter 
peat, paper fiber, or coconut coir containers required greater total irrigation compared to 
those in petroleum plastic containers in order to produce marketable plants. Our results 
are consistent with these findings with respect to reduced growth and increased water 
requirements for plants produced in peat and coconut coir containers. Thus, we conclude 
that differences in the magnitude of growth suppression of plants produced in coir and 
peat containers compared to other containers were a result of poorer WUE imparted by 
the containers themselves. 
Schrader et al. (2013) reported that containers manufactured with SP.A release 
mineral nutrients that are available to plants during production as container materials 
degrade. We hypothesized that this added “fertilizer effect” of SP.A bioplastic containers 
would diminish PGR-drench efficacy by increasing plant growth and, therefore, 
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paclobutrazol concentrations required for appropriate control. However, McCabe et al. 
(2016) reported that when plants grown in biocontainers that release fertilizer are 
provided with additional water-soluble fertilizer, the “fertilizer effect” is negated. Our 
results align with these findings, as plants produced in PLA-SP.A containers were 
provided with the same amount of fertilizer as plants in other containers and had 
comparable GI or diameter and SDM to plants in petroleum plastic and other non-porous 
containers (Tables 6 and 7). 
Across paclobutrazol concentrations and within container type, time to flower 
from transplant of angelonia and petunia varied by ~3 and 4.5 d, respectively (Table 4). 
Both angelonia and petunia grown in peat containers flowered the latest, while petunias 
grown in coir containers were similarly delayed. Angelonia and petunia treated with 1–10 
mg·L
–1 
paclobutrazol flowered up to 2.5 d and 1.8 d later than untreated plants, 
respectively, but this delay is not commercially significant. While angelonia treated with 
20 mg·L
–1 
were delayed by 4.1 d, which could be significant to commercial producers, 
plants were too small and would not have been considered commercially salable (Fig. 1). 
Petunia time-to-flower was also most delayed among plants grown in coconut coir (38.0 
d) and peat (38.7 d) compared to untreated controls (Table 4). 
 
Conclusions 
 We conclude that biocontainer parent materials do not affect efficacy of 
paclobutrazol substrate drenches the same way certain substrate components do. Plants 
produced in biocontainers made from permeable or porous materials with poorer WUE 
may be smaller than those grown in petroleum plastic containers or biocontainers that 
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more closely resemble conventional plastic pots. Commercial producers should decrease 
PGR drench concentrations if using coconut coir and peat containers to prevent excessive 
growth restriction. Other container types used in this experiment produced plants that 
were generally similar to plants grown in petroleum plastic containers, and do not require 
any adjustment in paclobutrazol concentrations for comparable growth control.  
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Tables and Figures 
Table 1. ‘Serena White’ angelonia and ‘Wave® Purple Improved Prostrate’ petunia 
were grown in seven different types of biocontainers and petroleum plastic (control) 
container filled with 75% canadian sphagnum peat moss and 25% perlite, and treated 
with 70 mL aliquots of deionized water containing 0, 1, 2.5, 5, 10 or 20 mg·L
–1
 
paclobutrazol. Biocontainers included novel bioplastic containers made from polylactic 
acid (PLA; a commercial bioplastic) and lignin powder, PLA and soy polymer with 
adipic anhydride (SP.A), recycled paper fiber twice dip-coated in a castor oil-based 
biopolyurethane, commercially available (uncoated) recycled paper fiber, rice hull, 
coconut coir, and peat. 
Container type Vol (mL) Manufacturer 
PLA-lignin (90/10)
z
 698 Vistatek
®
, Stillwater, MN 
PLA-SP.A (60/40) 698 Vistatek
®
 
Biopolyurethane-coated paper  600 Myers Industries, then coated at ISU 
Uncoated paper  600 Myers Industries 
Rice hull 590 Summit Plastics, Tallmadge, OH 
Coconut coir 610 Myers Industries 
Peat 760 Jiffy Products of America, Lorain, OH 
Petroleum plastic 655 Myers Industries 
z
Numbers in parentheses denote (by mass) percentages of base materials, respectively.  
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Table 2. Daily light integral (DLI), average daily temperature (ADT), and average day (DT) 
and night (NT) temperatures for ‘Serena White’ angelonia and ‘Wave® Purple Improved 
Prostrate’ petunia grown in seven types of biocontainers and a petroleum plastic (control) 
container filled with 75% canadian sphagnum peat moss and 25% perlite, and treated with 70 
mL aliquots of deionized water containing 0, 1, 2.5, 5, 10 or 20 mg·L
–1
 paclobutrazol.  
Species DLI (mol·m
–2
·d
–1
) ADT (°C) DT (°C) NT (°C) 
Angelonia 12.7 ± 1.9 22.3 ± 1.1 23.1 ± 1.1 20.8 ± 1.2 
Petunia 13.5 ± 1.8 20.3 ± 0.7 20.7 ± 0.7  19.0 ± 0.4 
 
Table 3. Analyses of variance of container type (C) and paclobutrazol concentration (P) on 
time-to-flower, growth index (or diameter), and shoot dry mass of ‘Serena White’ angelonia 
and ‘Wave® Purple Improved Prostrate’ petunia grown in seven types of biocontainers and a 
petroleum plastic (control) filled with 75% sphagnum peat moss and 25% perlite, and treated 
with 70 mL aliquots of deionized water containing 0, 1, 2.5, 5, 10 or 20 mg·L
–1
 paclobutrazol. 
Parameter C P C × P 
 Angelonia 
Time-to-flower   ***
z
 *** NS 
Growth index *** *** *** 
Shoot dry mass *** *** *** 
 Petunia 
Time-to-flower *** *** NS 
Diameter *** *** ** 
Shoot dry mass *** *** *** 
z
NS, **, *** = Nonsignificant or significant at P ≤ 0.01, or 0.001, respectively. 
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Table 4. Time-to-flower for ‘Serena White’ angelonia and ‘Wave® Purple Improved 
Prostrate’ petunia grown in seven types of biocontainers and a petroleum plastic 
(control) container filled with 75% canadian sphagnum peat moss and 25% perlite, and 
treated with 70 mL aliquots of deionized water containing 0, 1, 2.5, 5, 10 or 20 mg·L
–1
 
paclobutrazol. Data were collected when the first flower opened on each plant, and 
were pooled across paclobutrazol concentrations within container type for each species. 
Time to flower from transplant was calculated. 
 Time-to-flower (d) 
Container type Angelonia Petunia 
PLA
z
-lignin (90/10)
y
 34.8 c
x
 35.0 bc 
PLA-SP.A
w
 (60/40) 35.9 b 33.9 c 
Biopolyurethane-coated paper 36.0 b 34.0 c 
Uncoated paper 35.6 bc 34.0 c 
Rice hull 35.1 bc 32.9 d 
Coconut coir 35.8 bc 38.0 a 
Peat 37.7 a 38.7 a 
Petroleum plastic 35.0 bc 36.0 b 
z
PLA = polylactic acid. 
y
Numbers in parentheses denote (by mass) percentages of base materials, respectively. 
x
Means within columns that share letters are similar based on Tukey’s honest 
significant difference test at P ≤ 0.05. 
w
SP.A = soy polymer with adipic anhydride. 
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Table 5. Time to flower for ‘Serena White’ angelonia and ‘Wave® Purple Improved’ 
petunia grown in seven types of biocontainers and a petroleum plastic (control) 
container filled with 75% canadian sphagnum peat moss and 25% perlite, and treated 
with 70 mL aliquots of deionized water containing 0, 1, 2.5, 5, 10 or 20 mg·L
–1
 
paclobutrazol. Data were collected when the first flower opened on each plant, and 
pooled across container types within paclobutrazol concentrations for each species. 
Time to flower from transplant was calculated. 
 Time-to-flower (d) 
Paclobutrazol conc (mg·L
–1
) Angelonia Petunia 
0 34.2 c
z
 34.3 b 
1 34.4 c 34.7 b 
2.5 34.9 c 35.0 b 
5 36.0 b 35.2 b 
10 36.7 b 36.1 a 
20 38.3 a 36.5 a 
z
Means within columns that share letters are similar by Tukey’s honest significant 
difference test at P ≤ 0.05. 
 
 
 
 
1
1
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Table 6. Growth index and shoot dry mass of ‘Serena White’ angelonia grown in seven types of biocontainers and petroleum 
plastic (control) filled with 75% canadian sphagnum peat moss and 25% perlite, and treated with 70 mL aliquots of 
deionized water containing 0, 1, 2.5, 5, 10 or 20 mg·L
–1
 paclobutrazol. Data were collected 7 weeks after transplant. 
 Paclobutrazol concentration (mg·L
–1
) 
Container type 0 1 2.5 5 10 20 
 Growth index 
PLA
z
-lignin (90/10)
y
 32.1 aA
x
 26.9 abB 24.4 aB 16.9 abC 14.6 aCD 11.5 abD 
PLA-SP.A
w
 (60/40) 30.5 aA 29.8 aA 25.1 aB 17.5 aC 14.6 aCD 12.4 aD 
Biopolyurethane-coated paper 28.2 aA 26.8 abA 21.6 abB 17.5 aC 13.5 aD 11.4 abD 
Uncoated paper 28.7 aA 26.5 abAB 23.0 abB 17.0 abC 13.6 aCD 12.0 abD 
Rice hull 31.7 aA 27.7 aB 21.9 abC 17.3 abD 14.1 aDE 11.9 abE 
Coconut coir 23.0 bA 22.5 bcAB 19.2 bcAB 17.2 abBC 12.6 aCD 10.4 bD 
Peat 20.1 bA 18.8 cA 16.5 cB 12.1 bC 9.6 bD 8.0 cD 
Petroleum plastic 29.2 aA 28.8 aA 22.7 abB 17.6 aC 13.6 aD 11.8 abD 
 Shoot dry mass (g) 
 
 
 
1
1
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Table 6. continued       
PLA-lignin (90/10) 5.4 aA 4.5 abB 4.0 abB 3.1 abC 2.6 abCD 2.0 bD 
PLA-SP.A (60/40) 4.9 abA 5.0 aA 4.5 aA 3.2 aB 2.7 aB 2.3 aB 
Biopolyurethane-coated paper 4.4 bA 3.7 bcB 3.1 cdBC 2.6 bC 1.9 cdD 1.7 cD 
Uncoated paper 4.3 bA 3.7 cAB 3.4 bcdBC 2.7 abCD 2.1 bcDE 1.8 bcE 
Rice hull 4.4 abA 3.8 bcA 3.0 dB 2.7 abB 2.3 abcBC 1.8 bcC 
Coconut coir 2.5 cA 2.4 dA 2.1 eAB 1.7 cBC 1.5 dC 1.2 dC 
Peat 1.8 cA 1.5 eB 1.3 fB 1.1 dC 0.9 eCD 0.8 eD 
Petroleum plastic 5.2 abA 4.7 aA 3.9 abcB 3.1 abC 2.5 abCD 2.1 abD 
z
PLA = polylactic acid.
 
y
Numbers in parentheses denote (by mass) percentages of parent materials, respectively. 
x
Means within columns that share lowercase letters and means within rows sharing uppercase letters are similar based on 
Tukey’s honest significant difference test at P ≤ 0.05. 
w
SP.A = soy polymer with adipic anhydride. 
 
 
 
 
 
1
1
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Table 7. Diameter and shoot dry mass of ‘Wave® Purple Improved Prostrate’ petunia grown in seven types of biocontainers 
and petroleum plastic (control) filled with 75% canadian sphagnum peat moss and 25% perlite, and treated with 70 mL 
aliquots of deionized water containing 0, 1, 2.5, 5, 10 or 20 mg·L
–1
 paclobutrazol. Data were collected 7 weeks after 
transplant. 
 Paclobutrazol concentration (mg·L
–1
) 
Container type 0 1 2.5 5 10 20 
 Diameter (cm) 
PLA
z
-lignin (90/10)
y
 34.3 abA
x
 33.9 abA 33.3 abA 29.4 abAB 23.9 abB 26.2 abB 
PLA-SP.A
w
 (60/40) 36.0 abAB 41.0 aA 35.6 aAB 30.2 abBC 28.1 aC 27.8 aC 
Biopolyurethane-coated paper 35.2 abA 32.3 bAB 32.4 abAB 25.3 bcC 26.5 aBC 21.9 bcC 
Uncoated paper 28.9 bcAB 30.7 bA 29.8 abAB 25.4 bcBC 25.0 aBC 23.2 abC 
Rice hull 36.0 abA 31.5 bAB 33.3 abAB 33.9 aAB 27.7 aBC 23.2 abC 
Coconut coir 29.9 abcA 31.0 bA 28.2 bAB 27.7 bAB 25.6 aAB 22.9 abB 
Peat 23.4 cA 20.6 cAB 21.9 cAB 21.6 cAB 19.7 bAB 17.6 cB 
Petroleum plastic 36.9 aA 33.5 abAB 34.5 aAB 29.6 abBC 27.5 aC 24.8 abC 
 
 
 
1
1
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Table 7. continued  
 Shoot dry mass (g) 
PLA-lignin (90/10) 7.1 bcdA 6.7 abA 6.4 abA 5.5 abB 4.6 abC 4.3 bC 
PLA-SP.A (60/40) 7.9 abA 7.8 aA 6.9 aAB 6.5 aBC 5.4 aCD 5.1 aD 
Biopolyurethane-coated paper 6.9 cdA 6.5 abA 6.5 abA 5.3 bB 5.1 abB 4.5 abB 
Uncoated paper 6.1 dA 6.0 bA 5.9 bA 5.8 abA 4.3 bB 3.9 bB 
Rice hull 8.3 aA 7.5 aAB 7.1 aAB 6.3 abBC 5.4 aCD 4.6 abD 
Coconut coir 3.9 eA 3.9 cA 3.6 cA 3.9 cA 3.3 cA 3.0 cA 
Peat 2.6 fA 2.5 dAB 2.4 dAB 2.3 dAB 2.0 dB 2.0 dB 
Petroleum plastic 7.6 abcA 6.6 abB 6.3 abB 5.2 bC 4.7 abCD 4.1 bD 
z
PLA = polylactic acid. 
y
Numbers in parentheses denote (by mass) percentages of parent materials, respectively. 
x
Means within columns that share lowercase letters and means within rows sharing uppercase letters are similar based on 
Tukey’s honest significant difference test at P ≤ 0.05. 
w
SP.A = soy polymer with adipic anhydride. 
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Figure 1. ‘Serena White’ angelonia grown in seven types of biocontainers: novel 
bioplastic containers made from (by mass) 90% polylactic acid (PLA; a commercial 
bioplastic) and 10% lignin powder [PLA-lignin (90/10)], 60% PLA and 40% soy polymer 
with adipic anhydride {SP.A; [PLA-SP.A (60/40)]}, recycled paper fiber twice dip-
coated in a castor oil-based biopolyurethane (biopolyurethane-coated paper), 
commercially available recycled paper fiber (uncoated paper), rice hull, coconut coir, 
peat, or a petroleum plastic (control) container filled with 75% canadian sphagnum peat 
moss and 25% perlite, and treated with 70-mL aliquots of deionized water containing 0, 
1, 2.5, 5, 10 or 20 mg·L
–1
 paclobutrazol. Photos were taken 6 weeks after planting. Plants 
treated with 1 or 2.5 mg·L
–1
 paclobutrazol were excluded from the figure for clarity. 
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Figure 2. ‘Wave® Purple Improved Prostrate’ petunia grown in seven types of 
biocontainers: novel bioplastic containers made from (by mass) 90% polylactic acid 
(PLA; a commercial bioplastic) and 10% lignin powder [PLA-lignin (90/10)], 60% PLA 
and 40% soy polymer with adipic anhydride {SP.A; [PLA-SP.A (60/40)]}, recycled 
paper fiber twice dip-coated in a castor oil-based biopolyurethane (biopolyurethane-
coated paper), commercially available recycled paper fiber (uncoated paper), rice hull, 
coconut coir, peat, or a petroleum plastic (control) container filled with 75% canadian 
sphagnum peat moss and 25% perlite, and treated with 70-mL aliquots of deionized water 
containing 0, 1, 2.5, 5, 10 or 20 mg·L
–1
 paclobutrazol. Photos were taken 6 weeks after 
planting. Plants treated with 1 or 2.5 mg·L
–1
 paclobutrazol were excluded for clarity. 
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CHAPTER 5. AESTHETIC QUALITY AND STRENGTH OF BIOPLASTIC 
BIOCONTAINERS AT DIFFERENT SUBSTRATE VOLUMETRIC WATER 
CONTENTS 
 
A paper prepared for submission to HortScience 
Nicholas J. Flax, Christopher J. Currey, Alexander G. Litvin,  
James A. Schrader, David Grewell, and William R. Graves 
 
Abstract 
Various types of emerging bioplastic containers present a range of physical and 
chemical properties, and can perform differently in from one another in production 
environments. Container performance may be affected by substrate moisture content. We 
quantified the effects of bioplastic container type and substrate volumetric water content 
(VWC) on the aesthetic and mechanical strength properties of bioplastic containers and 
on plant growth. Seedlings of ‘Divine Cherry Red’ new guinea impatiens (Impatiens 
hawkeri W. Bull) and ‘Pinot Premium Deep Red’ zonal geranium (Pelargonium × 
hortorum L.H. Bailey) were transplanted into five types of 11.4-cm-diameter containers, 
four types made from bioplastics and one type of petroleum-based plastic control. Plants 
were watered to container capacity at transplant, allowed to dry down to VWC thresholds 
of 0.20 or 0.40 m3·m-3 and subsequently maintained at desired setpoints by using a 
precision irrigation system controlled by soil moisture sensors. Total volume of water 
applied per plant to new guinea impatiens was affected by VWC and not container type, 
while irrigation volume was affected by both for geranium. Growth index (GI) and shoot 
dry mass (SDM) of new guinea impatiens and geranium were affected by VWC. 
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Container type affected GI and SDM of geranium only. Water use efficiency (WUE) of 
both species was similar regardless container type and VWC. Aesthetic quality varied 
based on VWC for only one container type, which was made from a soy-based bioplastic. 
Containers manufactured with polyhydroxyalkanoates (PHA) and dried distiller’s grains 
and solubles (DDGS) or polylactic acid (PLA), soy polymer with adipic anhydride 
(SP.A), and a proprietary bio-based filler (BR) derived from modified DDGS were 
stronger when maintained at the lower VWC, 0.20 m3·m-3. Our findings indicate that 
restricting irrigation to the minimum needed to achieve desired crop growth is a viable 
strategy for sustaining aesthetic quality and strength of bioplastic containers 
manufactured with plant protein-based fillers such as SP.A and BR. Other bioplastic 
containers, such as those made of PLA-lignin biocomposite, show durability equal to that 
of petroleum-based plastic containers and maintain pristine appearance regardless of 
substrate VWC during production. 
 
Introduction 
 Annual bedding and garden plants are valued at approximately $2.56 billion in the 
U.S. and accounted for almost half (44%) of the market value of floriculture crops sold in 
2014 ($5.87 billion; U.S. Department of Agriculture, 2015). Excluding plants produced in 
flats and hanging baskets, approximately 70% (416 of ~600 million units) of bedding 
plants were produced in containers less than 5 inches in diameter. These small-container 
annuals are an economically important category among annual bedding plants. It is likely, 
however, that most of these units were produced in non-renewable petroleum-based 
plastic containers, a practice that consumes large amounts of finite fossil-fuel resources 
123 
 
 
(Montalbo-Lomboy et al., 2016) and creates a waste-disposal concern (Evans et al., 
2010). 
 Petroleum-based plastic plant containers are easily manufactured in a variety of 
shapes and sizes (Evans and Hensley, 2004) and are inexpensive at the present time (Hall 
et al., 2010). Intensive use of these containers creates copious persistent waste (Schrader, 
2013). Biocontainers manufactured from renewable, bio-based materials, offer an 
alternative to container-crop producers. High-quality potted and annual bedding plants 
can be produced in biocontainers (Lopez and Camberato, 2011; Kuehny et al., 2011). 
However, many commercially available biocontainers, particularly those made of bio-
based fibers such as peat or coconut coir, result in poorer WUE and are less durable than 
petroleum plastic pots (Conneway et al., 2015; Evans and Hensley, 2004; Evans et al., 
2010; McCabe et al., 2014). 
 Bioplastic-based biocontainers are a newer biocontainer technology (Currey et al., 
2013, Currey et al., 2015). Although few are fully commercialized, bioplastic plant 
containers have yielded positive results with respect to plant quality, and container 
appearance and durability of many bioplastic container types are similar to those of 
petroleum-based plastic containers (Flax et al., 2017; Kratsch et al., 2015; McCabe et al., 
2016; Schrader et al., 2015). However, certain bioplastic container types, particularly 
those designed to provide bio-based fertilizer nutrients (Schrader et al, 2013) or to 
biodegrade after use, exhibited algal growth on the container surface and diminished 
aesthetic quality at the end of crop production when compared to petroleum-based plastic 
containers (Flax et al., 2017); algal growth on surfaces of other types of biocontainers has 
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been observed by other researchers (Conneway et al., 2015; Evans and Karcher, 2004; 
Evans et al., 2010). 
 Flax et al. (2017) postulated that moisture management during plant production 
affected the appearance of certain bioplastic containers, and proliferation of algae on the 
surface of peat-based biocontainers was attributed to irrigation practices and absorption 
of water by the containers (Evans et al., 2010). Research shows that plant growth can be 
controlled without compromising plant quality by reducing substrate VWC (Alem et al., 
2015; Bayer et al., 2013; Litvin et al., 2016). Though we have found no reports 
quantifying the effect of VWC on bioplastic container appearance and strength, we 
contend that reducing substrate VWC may also reduce algae growth and improve 
appearance of certain bioplastic biocontainers. Therefore, our objectives were to quantify 
the effect of moisture management practices on aesthetic quality of four distinct 
bioplastic biocontainer types, and elucidate any effects that moisture management may 
have on bioplastic container strength. 
 
Materials and Methods 
Container Types 
Five types of 11.4-cm-diameter injection-molded containers were evaluated 
(Table 1), including four bioplastic-based biocontainers (655 mL vol.; VistaTek
®
, 
Stillwater, MN) and a petroleum-based plastic (control) container (655 mL vol.; ITML, 
Middlefield, OH). Bioplastic containers represented containers classified as durable, 
compostable, or biodegradable in soil (Schrader et al., 2015). Selections were based on 
both high and low ratings for container quality reported by Flax et al. (2017); containers 
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manufactured with SP.A or PHA-DDGS received lower quality ratings than other 
container types, while PLA-lignin containers received ratings comparable to petroleum-
based plastic controls.  
 
Greenhouse Culture and Moisture Treatments 
Seedlings of ‘Divine Cherry Red’ new guinea impatiens and ‘Pinto Premium 
Deep Red’ zonal geranium were transplanted individually into containers filled with 
soilless substrate (Sunshine® LB‒2, Sun Gro Horticulture, Inc., Agawam, MA) on 20 
Apr. and 19 Aug., respectively. Substrate was amended with 2.4 kg1·m
–3
 (new guinea 
impatiens; Haver and Schuch, 1996) and 4.2 kg1·m
–3
 (geraniums; Krug et al., 2014) 
controlled release fertilizer (CRF) [Florikan Plus 16.0N–2.2P–9.1K with a 90-d release 
period (Florikan ESA LLC, Sarasota, FL)] to ensure equal total amounts of mineral 
nutrients were provided across moisture treatments. Plant containers were filled by hand 
and placed into 10-cell petroleum plastic shuttle trays; two trays of each container type 
were placed adjacent to one another on the greenhouse bench to create 4 × 5-container 
experimental units.  
An automated irrigation system controlled by soil moisture sensors was used to 
maintain VWC treatments (Nemali and van Iersel, 2006). Drip irrigation stakes attached 
to 1.9 L·h
–1
 pressure-compensating emitters (Netafim USA, Fresno, CA) were inserted 
into the substrate, and plants were overhead-irrigated to container capacity with clear 
tempered water. After overhead irrigation, capacitance moisture sensors (EC-5; Decagon 
Devices Inc., Pullman, WA) were inserted into the substrate of the two innermost plant 
containers within each experimental unit. Sensors connected to a data logger (CR1000; 
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Campbell Scientific, Logan, UT) calculated volumetric water content (VWC) using a 
calibration curve specific to soilless peat-based substrates. Substrate VWC decreased to 
thresholds of 0.40 or 0.20 m
3
·m
–3 
over a period of ~7 d, and desired VWC was 
maintained by the data logger and a series of solenoid valves (Orbit Irrigation Products, 
Inc., Bountiful, UT) connected to polyethylene tubing with drip emitters. Irrigation 
events occurred on a need-basis when measured VWC fell below the threshold for each 
experimental unit. A data logger program executed every 10 min to determine need. 
Solenoid valves corresponding to each experimental unit were controlled by a relay 
driver (SDM-CD16AC controller; Campbell Scientific) connected to the data logger. 
Valves opened for 10 s during each irrigation event, providing 6.2 mL of clear water per 
plant per event.  
Plants were grown for 7 or 6 weeks (new guinea impatiens and geranium, 
respectively) in a glass-glazed greenhouse with retractable shade curtains, fog cooling, 
radiant hot-water heating, and 1000-W high-pressure sodium lamps that operated 
between 0600 and 2200 HRS to provide a supplemental photosynthetic photon flux (PPF) 
of ~176 ± 12 µmol·m
–2∙s–1 at plant height [measured by a quantum sensor (LI-190 SB; 
LI-COR Biosciences, Lincoln, NE)] and maintain a target daily light integral of ~15 
mol·m
–2∙d–1. Average daily air temperature was recorded by temperature probes (41342; 
R.M. Young Company, Traverse City, MI) housed within actively aspirated radiation 
shields (43502; R.M. Young Company). Quantum sensors and temperature probes were 
connected to a CR1000 Measurement and Control System (Campbell Scientific, Logan, 
UT) that measured air temperature and PPF every 15 s, and logged averages every 15 min 
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(Table 2). Greenhouse temperature set points were maintained by an environment control 
computer (Titan; ARGUS Control Systems, Surrey, BC, Canada). 
 
Data Collection and Calculations 
Plant growth data were collected 7 (new guinea impatiens) and 6 weeks 
(geranium) after transplant, and included plant height from the substrate to the tallest 
growing point, widest diameter (diameter 1), and width 90° from the widest diameter 
(diameter 2); GI was calculated for each plant (GI = {plant height + [(diameter 1 + 
diameter 2) ∕ 2]} ∕ 2). Data were only collected from the six innermost plants in each 
experimental unit. This was done to prevent edge effects from influencing growth of 
measured plants and simulate growth among a larger group of plants. Plants were 
harvested at the substrate surface, dried, and SDM was calculated. Water use efficiency 
{WUE = [SDM (g) ∕ volume of water applied (L)]} was calculated. Following shoot 
harvest, two experienced horticulturists rated container aesthetic quality on a scale of 1–5 
(n = 6 per container type per moisture level; 1 = lowest quality, 5 = highest quality), as 
per container rating criteria described by Flax et al. (2017). Container sides facing toward 
(side A) and away from shuttle trays (side B) were rated separately. Vertical and 
horizontal crush strength were measured (n = 3 per container type per moisture level) 
using an Instron 5569 universal testing machine (Instron®, Norwood, MA).  
 
Experimental Design and Statistical Analyses 
We used a two-way factorial randomized complete block design with container 
type (five levels) and substrate VWC (two levels) as factors. Treatments were replicated 
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in time (n = 3) in a common greenhouse environment. Analyses of variance (Table 3) 
were performed using PROC GLM of SAS Version 9.4 (SAS Institute, Inc., Cary, NC), 
and mean separations were performed using Tukey’s honestly significant difference 
(HSD) test at P ≤ 0.05.  
 
Results 
New Guinea Impatiens 
 Substrate volumetric water content was maintained at 0.20 or 0.40 m
3
·m
–3 
VWC 
(Fig. 1). Irrigation volume was affected by VWC only (Table 3). Plants maintained at 
0.20 m
3
·m
–3 
VWC received 31% less total water than plants at 0.40 m
3
·m
–3
 (Table 4).  
 Growth index was affected by VWC only (Table 3). Growth index of plants 
maintained at 0.20 m
3
·m
–3 
VWC was 14% smaller for those grown at 0.40 m
3
·m
–3
 (Table 
4). Similarly, plants in the 0.20 m
3
·m
–3 
treatment had 25% less SDM than plants at 0.40 
m
3
·m
–3 
VWC (Table 4). Alternatively, container type affected SDM of new guinea 
impatiens (Table 3). Plants in PHA-DDGS containers were 30% smaller than those 
grown in PLA-SP.A containers and had similar SDM to plants in other container types 
(Table 5). Water use efficiency was unaffected by VWC or container type (Table 3); 
WUE ranged from 11.9–12.0 g·L–1 pooled across container types and within VWC. 
 Volumetric water content and container type interacted to affect Side A and Side 
B aesthetic ratings (Table 3). Within container type Side A aesthetic ratings of PLA-
SP.A-BRhigh containers maintained at 0.20 m
3
·m
–3 
VWC were 59% higher than those 
maintained at 0.40 m
3
·m
–3
 (Table 6), while PHA-DDGS containers were rated similarly 
at both VWCs. Alternatively, PLA-lignin, PHA-DDGS and petroleum-based plastic 
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containers were rated similarly at both VWCs (Table 6). Side B ratings exhibited a 
similar trend; however, PLA-SP.A-BRhigh containers were similar to PLA-SP.A 
containers at 0.20 m
3
·m
–3 
VWC (3.4 and 3.9 out of 5, respectively; Table 6). Ratings 
were identical for containers made of PLA-lignin and the petroleum-plastic control, with 
each receiving mean ratings of 5, the highest ratings possible (Table 6). 
 Vertical wet strength was affected by VWC or container type, while horizontal 
strength was only affected by container type (Table 3). Containers maintained at 0.20 
m
3
·m
–3 
were 12% stronger than those at 0.40 m
3
·m
–3 
VWC (Table 4). Containers made of 
PLA-lignin had the greatest vertical wet strength, followed by PHA-DDGS containers 
(Table 5). Conversely, PLA-SP.A and petroleum-based plastic containers had similar 
vertical wet strengths, which were lower than those of other container types (Table 5). 
Horizontal wet strength was similar for all container types except for PLA-lignin 
containers, which were 56–97% stronger than other container types (Table 5). 
 
Geranium 
 Substrate VWC was maintained at 0.20 or 0.40 m
3
·m
–3
 (Fig. 2). Irrigation volume 
was affected by VWC or container type (Table 3). Plants maintained at 0.20 m
3
·m
–3
 
VWC received 27% less total water than plants at m
3
·m
–3
 (Table 7). Plants grown in 
PLA-SP.A-BRhigh containers received the least water (1.23 L) while those grown in PHA-
DDGS containers received the most (1.94 L; Table 8). 
 Volumetric water content and container type interacted to affect GI (Table 3). For 
example, plants grown in PLA-SP.A-BRhigh containers at 0.20 m
3
·m
–3
 VWC were 43% 
smaller than ones grown at 0.40 m
3
·m
–3
, while plants grown in PLA-SP.A containers 
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were similar at both VWCs (Table 9). Alternatively, all plants maintained at 0.40 m
3
·m
–3
 
VWC were similar across container types, while those grown in PLA-SP.A-BRhigh 
containers were smallest among plants maintained at 0.20 m
3
·m
–3
 VWC. Differences 
among SDM of plants were similar to those observed among those of GI (Tables 3 and 
9). WUE was unaffected by VWC or container type for geraniums as it was with new 
guinea impatiens (Table 3), and WUE ranged from 14.2–14.7 g·L–1 for geranium pooled 
across container types and within VWC. 
 Container type interacted with VWC to affect container Side A and Side B 
aesthetic ratings (Table 3). Within the 0.20 m
3
·m
–3
 VWC treatment, Side A ratings of 
PHA-DDGS and PLA-SP.A containers were similar, but were 15% higher than PLA-
SP.A containers maintained at 0.40 m
3
·m
–3
 VWC (Table 9). Alternately, PHA-DDGS 
containers were rated similarly at both VWC setpoints, while PLA-SP.A-BRhigh 
containers were rated lower at 0.40 m
3
·m
–3
. Similar trends were observed among Side B 
ratings (Table 9). Ratings were identical for containers made of PLA-lignin and the 
petroleum-plastic control, with each receiving mean ratings of 5, the highest ratings 
possible (Table 6). 
 Volumetric water content and container type interacted to affect vertical wet 
strength of containers. Within VWC, PHA-DDGS and petroleum plastic containers were 
similar; however, PHA-DDGS containers were 33% stronger at 0.20 m
3
·m
–3
 than 0.40 
m
3
·m
–3
 VWC, while petroleum plastic containers did not differ at both VWCs (Table 9). 
Horizontal wet strength was affected by container type (Table 3), and was only similar 
for PLA-SP.A and PHA-DDGS containers, while all container types were different 
(Table 8). Vertical wet strength was greatest for PLA-lignin containers, and PLA-lignin, 
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PLA-SP.A, and petroleum-plastic containers were unaffected by treatment level (Table 
9).  
 
Discussion 
 Container type affected aesthetic quality of containers, and ratings tended to be 
lowest among containers manufactured with SP.A (Table 6 and 9). In other research, 
differences in appearance of different types of biocontianers (Lopez and Camberato, 
2011; Kratsch et al., 2015; Schrader et al., 2015), as well as varying amounts of algal 
growth on the surface of different container types have been reported (Evans et al., 2010). 
Our findings agree with these reports, as container types in our experiments differed in 
their aesthetic ratings, and varying amounts of algal and fungal growth were observed on 
the surface of the container types in our experiments. We believe differences in aesthetic 
quality across container types are a function of their base materials, and the relative 
degree of degradability imparted by the materials that make up the containers. 
Similarly to results observed across container types, substrate VWC only affected 
aesthetic quality of SP.A-based containers (Tables 6 and 9). We previously reported 
commercial greenhouse growers rated appearance of PLA-SP.A-BRhigh and PLA-SP.A 
containers lower than PLA-lignin and petroleum-based plastic containers when using the 
same rating criteria employed in this experiment (Flax et al., 2017). Additionally, 
commercial growers rated the appearance of PLA-SP.A containers higher than PLA-
SP.A-BRhigh containers on average. Our results exhibited a similar trend (Tables 6 and 9). 
These similarities among ratings may confer additional credibility upon the commercial 
grower participants’ ratings reported by Flax et al. (2017). However, this also suggests 
that containers manufactured with SP.A may have poorer aesthetic quality post-
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production than petroleum-based plastic containers, regardless of substrate moisture 
management practices. Commercial bedding plant producers interested in SP.A-based 
containers may have to decide whether the utility and improvement in sustainability 
provided by SP.A-based containers (degradability, biorenewable sourcing, fertilizer 
provision) are worth the reduction in aesthetic quality of these containers compared to 
petroleum-based plastic and other bioplastics such as PLA-lignin. However, our results 
indicate potential to reduce aesthetic decline of SP.A-based containers through moisture 
management practices. 
Reducing substrate VWC also improved aesthetics of SP.A-based container types. 
Although aesthetics of PLA-SP.A-BRhigh containers were rated lower than petroleum 
plastic containers within VWC treatments, their appearance was rated 41–60% higher 
when plants were grown at 0.20 m
3
·m
–3
 substrate VWC, compared to 0.40 m
3
·m
–3
 
(Tables 6 and 9). Additionally, side B of PLA-SP.A containers used to produce geranium 
was rated higher at 0.20 than 0.40 m
3
·m
–3
 VWC (Table 9). This suggests that the post-
production aesthetic quality of SP.A-based containers can be improved by reducing 
substrate VWC during production. We recommend that bioplastic containers 
manufactured with materials that enhance degradability and/or provide fertilizer nutrients 
(e.g. SP.A, BR, and other plant proteins or biomass [Grewell et al., 2014; Schrader et al., 
2015b; McCabe et al., 2016]) be evaluated to determine if restricting moisture is an 
effective means for maintaining aesthetic quality of containers. In addition, research by 
others has demonstrated that addition of colorants to bioplastics containing SP.A or BR 
can improve the post-production aesthetics of containers by reducing or masking the 
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blotchy areas seen on the surface of materials without colorant (Schrader, 2016; Schrader 
et al., 2016). 
Interestingly, at both VWCs PHA-DDGS containers were often rated similarly to 
PLA-lignin or petroleum-plastic containers, the highest rated in our trials (Tables 6 and 
9). This contrasts with other research where PHA-DDGS containers used to produce 
annual bedding plants were often rated lower than PLA-lignin or petroleum plastic 
containers (Flax et al., 2017). Irrigation method may have influenced PHA-DDGS 
container aesthetics differently in this experiment compared to during previous research. 
Crops in this experiment were produced using precision irrigation (Nemali and van Iersel, 
2006) and irrigation water applied was not allowed to leach. In previous research (Flax et 
al., 2017), commercial bedding plant producers irrigated crops overhead via hose or 
boom.  
Excess water applied to containers in shuttle trays via overhead irrigation can 
collect between the container and shuttle tray sidewalls, and shuttle trays create a high-
humidity boundary layer between containers and shuttle tray sidewalls (Evans et al., 
2015). PHA is easily degraded by microorganisms found in soil or water (Khanna and 
Srivastava, 2005). Therefore, we postulate that aesthetic quality of PHA-DDGS 
containers in our experiment were rated higher than those assigned by commercial 
growers (Flax et al., 2017) because the precision irrigation facilitated less degradation by 
eliminating runoff and excess water on exterior walls of containers and eliminating 
collection of water between containers and shuttle trays. Further investigation into the 
effects of irrigation method on the aesthetics of bioplastic containers when shuttle trays 
are used would be beneficial, because large-scale bedding plant producers often place 
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smaller plant containers in shuttle trays for convenience and high-density spacing (Evans 
et al., 2015).   
We attribute differences in vertical and horizontal strength observed across 
container types to the physical properties inherent to their parent materials. Evans et al. 
(2010) reported a range of wet strengths for different biocontainers exposed to 
greenhouse crop production environmental and cultural parameters. They reported that 
rice hull containers, much like our PLA-lignin containers, had higher vertical and 
horizontal strength than their petroleum-based plastic control. Alternatively, wet strength 
of OP47 (bioplastic-based) containers was weaker than petroleum-based plastic controls. 
Our results reflect a similar trend observed among our PLA-SP.A-BRhigh containers 
(Tables 5, 8, and 9) and suggest that the type of parent materials affect the structural 
properties of bioplastic biocontainers.  
Substrate VWC also affected strength of some but not all of the different 
container types we evaluated. Vertical wet strength of both PLA-SP.A-BRhigh and PHA-
DDGS containers used to produce geraniums was reduced when substrate VWC was 
maintained at 0.40 m3·m–3 compared to 0.20 m3·m–3 (Table 9), and containers used to 
produce new guinea impatiens were weaker with higher VWC (Table 4). This affirms our 
hypothesis that substrate moisture management can affect the functional strength of 
certain bioplastic containers. However, we do not believe vertical wet strength of PLA-
lignin or petroleum-plastic containers used to produce new guinea impatiens was affected 
by VWC. Vertical wet strength of PLA-lignin and petroleum plastic containers used to 
produce new guinea impatiens differed only by 0.01 MPa compared to containers used to 
grow geranium at both VWCs. Additionally, no differences in strength were observed 
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across VWC and within container type for PLA-lignin and petroleum-based plastic 
containers used to produce geranium (Table 9). Furthermore, we believe the longer 
production duration and greater volume of water applied to new guinea impatiens caused 
the magnitude of VWC effect on vertical wet strength of containers to differ between new 
guinea impatiens and geranium.  
Although reducing substrate VWC can improve aesthetics and structural 
properties of certain bioplastic containers, reducing the amount of moisture applied 
impacts plant size. Our results agree with other research that has shown plants grown at 
lower substrate VWC were smaller than plants grown at a higher VWC (Alem et al., 
2015; Bayer et al., 2013; Litvin et al., 2016). Though GI of new guinea impatiens and 
geranium in our experiment were smaller at 0.20 m
3
·m
–3
 VWC compared to at 0.40 
m
3
·m
–3
, plants grown at the lower VWC were still of marketable size and had abundant 
flowers. Based on the lack of differences in WUE despite difference in growth, our 
results suggest bedding plant producers may be able to effectively restrict plant size of 
the taxa we used without reducing the efficiency of water applied between 0.20 m3·m–3 
and 0.40 m3·m–3 VWC. Ultimately, this may enable producers to grow bedding plants to 
a target size using specific substrate VWCs, similarly to poinsettia grown by Alem et al. 
(2015). Screening additional taxa for tolerance of reduced substrate VWC may be 
valuable for bedding plant producers seeking non-chemical means of controlling growth 
of annual bedding plants. 
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Conclusions 
 Reducing substrate VWC can improve post-production aesthetic quality of 
bioplastic plant containers manufactured with compostable or biodegradable plant-
protein-based components like SP.A and BR, but ultimately these containers may have 
less-than-perfect appearance compared to containers made of petroleum-based plastic or 
durable bioplastics such as PLA-lignin. Our results suggest that containers made of PLA-
SP.A-BRhigh at the high blend ratio examined in our experiments (50/30/20, 
respectively) may not be suitable for use in commercial greenhouse crop production. The 
high percentage of degradable, nutrient-containing materials (50% SP.A and BR 
combined), cause them to lose strength and have a less pleasing appearance than other 
bioplastic container types by the end of plant production.  Substrate VWC affects the 
structural integrity of bioplastic containers differently, and containers manufactured with 
more degradable, nutrient-containing materials experience a greater loss in strength when 
grown at a higher substrate VWC. Bioplastic containers that are less degradable, such as 
those made of PLA-lignin, show durability equal to that of petroleum-based plastic 
containers and maintain their pristine appearance regardless of VWC during plant 
production. With the increasing variety of bioplastic container types being developed, 
bedding plant producers have more choices than ever.  Those interested in improving 
sustainability of their operations by adopting bioplastic containers should select container 
types with durability and/or nutrient characteristics that properly align with their goals, 
crop culture practices, and intended duration of time in production.  
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Tables and Figures 
Table 1. ‘Divine Cherry Red’ new guinea impatiens and ‘Pinto Premium Deep Red’ 
geranium were grown in four types of 11.4-cm-diameter bioplastic plant containers and 
a petroleum-based plastic (control) container filled with soilless substrate amended 
with 2.4 kg1·m
–3
 (new guinea impatiens) or 4.2 kg1·m
–3
 (geranium) controlled release 
fertilizer, and maintained at 0.20 or 0.40 m3·m
–3
 substrate volumetric water content. 
Parent materials of bioplastic containers were: polylactic acid (PLA; commercial 
bioplastic), lignin powder, soy polymer with adipic anhydride (SP.A), BioRes™ (BR; a 
refined coproduct of corn ethanol production), polyhydroxyalkanoates (PHA; 
commercial bioplastic), dried distiller’s grains and solubles (DDGS; a coproduct of 
corn ethanol production), and coloring agents. Container types were selected based on 
quality rating data reported by Flax et al. (2017). 
Container type
z
 Proportions of materials  
(% by mass, respectively) 
Fertilizer 
 effect
y
 
Container degradability
x
 
PLA-lignin 90∕10 No Durable 
PLA-SP.A-BRhigh 50∕30∕20 Yes Compostable 
PLA-SP.A 60∕40 Yes Compostable 
PHA-DDGS 80∕20 No Biodegradable 
Petroleum-plastic 100 No Non-degradable 
z
Container types are blends of different ratios of bioplastics and biocomposites.  
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Table 1. continued
 
y
Containers manufactured with SP.A release plant-available mineral nutrients as 
containers degrade (Schrader et al., 2013). 
x
Degradability of bioplastic-based biocontainers as characterized by Schrader et al. 
(2015); biodegradable = biodegradable in soil within 1–2 years (these are also 
compostable); compostable = non-degradable in soil within 1–2 years, but degradable 
by composting; durable = durable containers that improve on sustainability while 
requiring little or no change in cultural practices; non-degradable = non-compostable 
and non-biodegradable. 
 
 
Table 2. Daily light integral (DLI), average daily air temperature (ADT), and average 
day (DT) and night (NT) temperatures for ‘Divine Cherry Red’ new guinea impatiens 
and ‘Pinto Premium Deep Red’ geranium grown in four types of 11.4-cm-diameter 
bioplastic biocontainers and a petroleum-based plastic (control) container filled with 
soilless substrate amended with 2.4 kg
1
·m
–3
 (new guinea impatiens) or 4.2 kg
1
·m
–3 
(geranium) controlled release fertilizer, and maintained at 0.20 or 0.40 m
3
·m
–3 
substrate 
volumetric water content.  
Species DLI (mol·m
–2
·d
–1
) ADT (°C)
z
 DT (°C) NT (°C) 
New guinea impatiens 15.2 ± 2.3 23.6 ± 1.2 25.2 ± 1.3 20.9 ± 0.9 
Geranium 15.0 ± 2.6 24.7 ± 1.2 26.1 ± 1.3 21.8 ± 1.7 
z 
°C = (°F × 1.8) + 32 
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Table 3. Analyses of variance for the effects of substrate volumetric water content (V) and 
container type (C) on total irrigation volume , growth index (GI), shoot dry mass (SDM), water 
use efficiency {WUE; WUE = [shoot dry mass (g) ∕ vol. water applied (L)]}, aesthetic quality 
ratings of container sidewalls facing toward (Side A) and away from (Side B) shuttle trays, and 
container vertical and horizontal wet strength (MPa) for containers used to grow ‘Divine 
Cherry Red’ new guinea impatiens and ‘Pinto Premium Deep Red’ geranium. Four types of 
11.4-cm-diameter bioplastic biocontainers and a petroleum-based plastic (control) container 
filled with soilless substrate were used and substrate was maintained at 0.20 or 0.40 m
3
·m
–3 
substrate volumetric water content. 
Parameter V C V × C 
 New guinea impatiens 
Irrigation volume **
z
 NS NS 
GI *** NS NS 
SDM *** * NS 
WUE NS NS NS 
Side A rating *** *** *** 
Side B rating *** *** *** 
Vertical wet strength ** *** NS 
Horizontal wet strength NS *** NS 
 Geranium 
Irrigation volume *** * NS 
GI *** *** ** 
SDM *** *** ** 
WUE NS NS NS 
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Tabe 3. continued    
Side A rating ** *** ** 
Side B rating *** *** *** 
Vertical wet strength *** *** ** 
Horizontal wet strength NS *** NS 
z
NS, *, **, *** = Nonsignificant or significant at P ≤ 0.05, 0.01, or 0.001, respectively. 
 
 
Table 4. Total irrigation volume (per plant), growth index (GI), shoot dry mass (SDM), and 
container vertical wet strength for ‘Divine Cherry Red’ new guinea impatiens grown in four 
types of 11.4-cm-diameter bioplastic plant containers and a petroleum-based plastic (control) 
container filled with soilless substrate amended with 2.4 kg
1
·m
–3
 controlled release fertilizer, 
and maintained at 0.20 or 0.40 m
3
·m
–3 
substrate volumetric water content (VWC). Data are 
pooled across container type for each VWC. 
VWC  
(m
3
·m
–3
) 
Irrigation vol. (L) GI
z
 SDM (g) Vertical wet strength 
(MPa) 
0.20 1.6 25.5 19.1 0.79 
0.40 2.3 29.7 25.4 0.74 
Sig.
y
 ** *** *** ** 
zGI = {plant height + [(diameter 1 + diameter 2) ∕ 2]} ∕ 2. 
y**, *** = Different by Tukey’s honestly significant difference test at P ≤ 0.01 or 0.001, 
respectively.
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Table 5. Shoot dry mass (SDM), and container vertical and horizontal wet strength for 
containers used to grow ‘Divine Cherry Red’ new guinea impatiens grown in four 
types of 11.4-cm-diameter bioplastic plant containers and a petroleum-based plastic 
(control) container filled soilless substrate amended with 2.4 kg
1
·m
–3
 controlled release 
fertilizer, and maintained at 0.20 or 0.40 m
3
·m
–3 
substrate volumetric water content 
(VWC). Data are pooled across VWC for each container type. 
  Wet strength (MPa) 
Container type
z
 SDM (g) Vertical Horizontal 
PLA-lignin 21.1 ab
y
 2.24 a 0.34 a 
PLA-SP.A-BRhigh 22.5 ab 0.16 d 0.01 b 
PLA-SP.A 26.7 a 0.46 c 0.08 b 
PHA-DDGS 18.7 b 0.57 b 0.15 b 
Petroleum-plastic 21.7 ab 0.39 c 0.13 b 
z
Container types are blends of different ratios of bioplastics and biocomposites; PLA =  
polylactic acid, SP.A = soy polymer with adipic anhydride, BR = a proprietary bio-
based filler derived from dried distiller’s grains and solubles, PHA = 
polyhydroxyalkanoates, DDGS = dried distiller’s grains and solubles, PP = petroleum-
based plastic. 
y
Means within columns that share letters are similar by Tukey’s honest significant 
difference test at P ≤ 0.05. 
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Table 6. Aesthetic quality ratings of container sidewalls facing toward (Side A) and away from 
(Side B) shuttle trays for ‘Divine Cherry Red’ new guinea impatiens grown in four types of 
11.4-cm-diameter bioplastic plant containers and a petroleum-based plastic (control) container 
filled soilless substrate amended with 2.4 kg
1
·m
–3
 controlled release fertilizer, and maintained 
at 0.20 or 0.40 m
3
·m
–3 
substrate volumetric water content (VWC).  
 VWC (m
3
·m
–3
) 
Container type
z
 0.20 0.40 Sig.
y
 
 Side A rating (1–5 scale)x 
PLA-lignin 5.0 a
w
 5.0 a NS 
PLA-SP.A-BRhigh 2.7 c 1.1 c * 
PLA-SP.A 3.6 b 2.7 b NS 
PHA-DDGS 4.8 a 4.7 a NS 
Petroleum-plastic 5.0 a 5.0 a NS 
 Side B rating (1–5 scale)x 
PLA-lignin 5.0 a 5.0 a NS 
PLA-SP.A-BRhigh 3.4 c 1.8 c * 
PLA-SP.A 3.9 bc 3.2 b NS 
PHA-DDGS 4.6 ab 4.6 a NS 
Petroleum-plastic 5.0 a 5.0 a NS 
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Table 6. continued
 
z
Container types are blends of different ratios of bioplastics and biocomposites; PLA =  
polylactic acid, SP.A = soy polymer with adipic anhydride, BR = a proprietary bio-based filler 
derived from dried distiller’s grains and solubles, PHA = polyhydroxyalkanoates, DDGS = 
dried distiller’s grains and solubles, PP = petroleum-based plastic. 
y
Significance of differences among rows by Tukey’s honest significant difference test; NS = 
nonsignificant, * = significant at P ≤ 0.05. 
x
Ratings are on a 1–5 Likert scale; 1 = worst quality, 2 = below average quality, 3 = average 
quality, 4 = above average quality, 5 = best quality. 
wMeans within columns that share letters are similar by Tukey’s honest significant difference 
test at P ≤ 0.05. 
 
Table 7. Total irrigation volume (per plant) applied to ‘Pinto Premium Deep Red’ geranium 
grown in four types of 11.4-cm-diameter bioplastic plant containers and petroleum plastic 
(control) filled with soilless substrate amended with 4.2 kg
1
·m
–3
 controlled release fertilizer, 
and maintained at 0.20 or 0.40 m
–3
·m
–3 
substrate volumetric water content (VWC). Data were 
pooled across container type for each VWC. 
VWC (m
–3
·m
–3
) Irrigation vol. (L) 
0.20 1.34 b 
0.40 1.83 a 
Sig.
z
 *** 
z*** = Means are significantly different by Tukey’s honestly significant difference test at P ≤ 
0.001. 
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Table 8. Total irrigation volume (per plant) and horizontal wet strength of containers 
used to grow ‘Pinto Premium Deep Red’ geranium grown in four types of 11.4-cm-
diameter bioplastic plant containers and a petroleum-based plastic (control) container 
filled with soilless substrate amended with 4.2 kg
1
·m
–3
 controlled release fertilizer, and 
maintained at 0.20 or 0.40 m
3
·m
–3 
substrate volumetric water content (VWC). Data 
were pooled across VWC for each container type. 
Container type
z
 Irrigation vol. (L) Horizontal wet strength (MPa) 
PLA-lignin 1.43 ab
z
 0.33 a 
PLA-SP.A-BRhigh 1.23 b 0.01 d 
PLA-SP.A 1.65 ab 0.09 c 
PHA-DDGS 1.94 a 0.10 c 
Petroleum-plastic 1.67 ab 0.16 b 
z
Container types are blends of different ratios of bioplastics and biocomposites; PLA =  
polylactic acid, SP.A = soy polymer with adipic anhydride, BR = a proprietary bio-
based filler derived from dried distiller’s grains and solubles, PHA = 
polyhydroxyalkanoates, DDGS = dried distiller’s grains and solubles, PP = petroleum-
based plastic. 
yMeans within columns that share letters are similar by Tukey’s honest significant 
difference test at P ≤ 0.05. 
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Table 9. Growth index (GI), shoot dry mass (SDM), vertical wet strength, and aesthetic 
quality ratings of container sidewalls facing toward (Side A) and away (Side B) from 
plastic shuttle trays of ‘Pinto Premium Deep Red’ geranium grown in four different 
types of 11.4-cm-diameter bioplastic biocontainers and a petroleum-plastic (control) 
container filled with soilless substrate amended with 4.2 kg
1
·m
–3
 controlled release 
fertilizer, maintained at 0.20 or 0.40 m
3
·m
–3 
substrate volumetric water content. 
 Substrate volumetric water content (m
3
·m
–3
) 
Container type
z
 0.20 0.40 Sig.
y
 
 GI
x
 
PLA-lignin 17.8 a
w
 21.1 a * 
PLA-SP.A-BRhigh 11.3 b 19.9 a ** 
PLA-SP.A 18.5 a 21.4 a  NS 
PHA-DDGS 16.9 a 20.1 a ** 
Petroleum-plastic 18.1 a 20.8 a * 
 SDM (g) 
PLA-lignin 21.0 a 25.0 a * 
PLA-SP.A-BRhigh 9.9 b 23.2 a ** 
PLA-SP.A 21.7 a 24.8 a NS 
PHA-DDGS 20.8 a 24.5 a NS 
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Table 9. continued    
PP 21.8 a 25.5 a NS 
 Side A rating (1–5 scale)v 
PLA-lignin 5.0
s
 a  5.0 a  NS 
PLA-SP.A-BRhigh 2.2 c 1.1 c ** 
PLA-SP.A 3.7 b 2.4 b NS 
PHA-DDGS 4.0 ab 4.3 a NS 
Petroleum-plastic 5.0 a 5.0 a NS 
 Side B rating (1–5 scale)v 
PLA-lignin 5.0 a 5.0 a NS 
PLA-SP.A-BRhigh 3.2 c 1.9 d * 
PLA-SP.A 4.2 b 3.5 c * 
PHA-DDGS 3.9 b 4.1 b NS 
Petroleum-plastic 5.0 a 5.0 a NS 
 Vertical wet strength (MPa) 
PLA-lignin 2.25 a 2.25 a NS 
PLA-SP.A-BRhigh 0.19 c 0.06 d  ** 
PLA-SP.A 0.48 b 0.33 c NS 
PHA-DDGS 0.49 b 0.33 bc * 
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Table 9. continued    
Petroleum-plastic 0.40 b 0.40 b NS 
z
Container types are blends of different ratios of bioplastics and biocomposites; PLA =  
polylactic acid, SP.A = soy polymer with adipic anhydride, BR = a proprietary bio-
based filler derived from dried distiller’s grains and solubles, PHA = 
polyhydroxyalkanoates, DDGS = dried distiller’s grains and solubles, PP = petroleum-
based plastic. 
ySignificance of differences among rows by Tukey’s honest significant difference test; 
*, **, NS = significant at P ≤ 0.05, 0.01, or nonsignificant, respectively. 
xGI = {plant height + [(diameter 1 + diameter 2) ∕ 2]} ∕ 2. 
w
Means within columns that share letters are similar by Tukey’s honest significant 
difference test at P ≤ 0.05. 
v
Ratings are on a 1–5 Likert scale; 1 = worst quality, 2 = below average quality, 3 = 
average quality, 4 = above average quality, 5 = best quality. 
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Fig. 1. Substrate volumetric water contents (VWC) of ‘Divine Cherry Red’ new guinea impatiens grown in four types of 11.4-cm-
diameter bioplastic biocontainers and a petroleum-plastic (control) container filled with soilless substrate amended with 2.4 kg
1
·m
–3
 
controlled release fertilizer, maintained at 0.20 or 0.40 m
3
·m
–3
 by an automated irrigation system controlled by soil moisture sensors.  
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Fig. 2. Substrate volumetric water contents (VWC) of ‘Pinto Premium Deep Red’ geranium grown in four types of 11.4-cm-diameter 
bioplastic biocontainers and a petroleum-plastic (control) container filled with soilless substrate amended with 4.2 kg
1
·m
–3
 controlled 
release fertilizer, maintained at 0.20 or 0.40 m
3
·m
–3
 by an automated irrigation system controlled by soil moisture sensors.
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CHAPTER 6. GENERAL CONCLUSIONS 
 
General Discussion 
 This thesis demonstrates that commercial-grade bioplastic-based biocontainers 
can be used to produce bedding plants and herbaceous perennials. Producers grew high-
quality crops in containers made from various bio-based parent materials with few to no 
changes in crop cultural practices. Collective grower responses to questionnaires that 
characterized perceptions and interest in using these types of containers if they were to 
become commercially available were positive. Paclobutrazol drench efficacy is not 
affected by bioplastic-based biocontainers, which further supports the claim that these 
containers can be substituted for petroleum-based plastic containers in container 
horticulture with ease. Containers susceptible to algal and fungal growth on the container 
surface have reduced strength and aesthetic quality when grown under wet conditions, 
but both strength and aesthetics can be improved when plants are grown with reduced 
substrate moisture; however, this may not always be feasible, depending on available 
equipment and irrigation capabilities. 
In the grower trial using 4.5-inch-diameter containers, the bioplastic-based 
containers provided almost all produced plants of similar size and quality compared to 
those in standard petroleum-based plastic containers. Growth of both bedding plant taxa 
was minimally affected by container type, and shoot and root ratings exhibited a similar 
trend. Plants grown in SP.A-based and PHA-DDGS containers were smaller or lower 
quality than other container types, though differences were not consistently observed 
among greenhouses. Grower participants’ perceptions of and overall attitudes toward 
these containers were positive, and growers were interested in using these containers in 
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their commercial production schemes in the future. These results suggest bioplastic-based 
biocontainers are viable alternatives to petroleum-based plastics in containerized 
production of annual bedding plants. 
 In the 1-gallon container trial, findings suggest commercial nursery producers can 
successfully grow herbaceous perennials in bioplastic-based biocontainers. Plant growth 
was generally unaffected by container type, and shoot and root quality of plants produced 
in both bioplastic containers was greater than or equal to plants grown in petroleum-
based plastic containers. Container ratings appeared to be based more on preferences of 
individual growers and not container functionality. Grower participants were less 
interested in the standard petroleum-based plastic containers compared to the two 
bioplastic-based containers. These containers show potential for replacing conventional 
petroleum-based plastic containers in nursery production systems, though the relatively 
short crop times in this experiment may not be representative of container performance 
over a longer production period or multiple production seasons.  
My research suggests container parent materials do not affect efficacy of 
paclobutrazol substrate drenches in the same way organic substrate components do. Non-
porous container types used in this experiment produced plants that were mostly similar 
to those grown in petroleum-based plastic containers, and do not require any adjustment 
in paclobutrazol concentrations for comparable growth control.  Plants produced in 
biocontainers made from permeable or porous materials and treated with paclobutrazol 
substrate drenches may be smaller than plants grown in petroleum-based plastic 
containers due to water stress, not because of an interaction between the paclobutrazol 
and container materials. Additionally, plants grown in bioplastic-based containers that 
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release mineral nutrients to plants during production do not require higher concentrations 
of paclobutrazol to control growth compared to containers that do not release nutrients. 
Bedding plant producers should reduce paclobutrazol drench concentrations when 
producing plants in coconut coir- or peat-based containers to prevent excessive growth 
restriction.  
Containers of plants grown at high substrate volumetric water content (VWC) 
tended to have lower aesthetic quality and strength at the end of production compared to 
petroleum-based plastic containers. Additionally, reducing substrate VWC improved 
aesthetics of bioplastic plant containers manufactured with plant-protein-based 
components, but ultimately these containers had lower aesthetic ratings than petroleum-
based plastic or more-durable bioplastic containers. Substrate VWC affected the strength 
of the bioplastic-based containers differently. Containers manufactured with higher 
proportions of degradable materials lost more strength than durable bioplastic or 
petroleum-based plastic containers when plants were grown at a higher VWC. These 
results suggest containers manufactured with higher proportions of readily degradable 
plant-protein-based biocomposites may not be suitable for use in greenhouse crop 
production systems. Ultimately producers may need to select bioplastic-based 
biocontainers that fit the crop schedules, with respect to how long containers remain 
durable and visually appealing post-production. 
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Recommendations for Future Research 
 Researchers spent several years developing prototypes of the bioplastic-based 
plant containers used in the research summarized in this thesis. In that time materials 
were selected, tested, successfully molded into containers by using conventional plastic-
manufacturing equipment, and containers were extensively tested in small, experimental 
trials in research greenhouses. In addition to experiments described in this thesis that 
investigated the implications of crop cultural practices such as how plant growth retardant 
interactions and how substrate water content affects bioplastic container aesthetics and 
strength, mineral nutrient management of plants produced in these containers was 
researched. There are, however, more crop cultural practices that could affect plant 
growth in these containers, as well as the strength and aesthetic quality of containers.  
 Literature has demonstrated that plant growth retardant (PGR) efficacy can be 
influenced by many factors. Results from the experiment investigating paclobutrazol 
drench efficacy in different biocontainers suggest paclobutrazol activity is not affected by 
different biocontainer materials when applied as a substrate drench. Additional research 
using a broader range of PGRs would be beneficial to further support these findings. 
 Other research has established that degradation of many of the containers used in 
this research is both moisture and temperature-dependent. It is also well-established that 
optimal growth temperature varies with crop, and air temperature can be changed to 
manipulate development of crops. Based on our conclusions regarding substrate VWC 
effects on container aesthetics and strength, it may be beneficial to investigate the 
interaction of temperature and VWC on bioplastic container strength and aesthetic 
quality. 
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 Though not previously stated in our 4.5-inch-diameter container trial and 
substrate VWC experiment conclusions, observations made during both experiments 
suggest shuttle trays may influence the amount of algal and fungal growth on certain 
bioplastic containers. Research investigating the effects of plastic shuttle trays on 
watering requirements of plants grown in fiber-based biocontainers has shown shuttle 
trays trap moisture between containers and the shuttle trays, and that this reduces water 
loss from fiber-based biocontainers. We established substrate VWC affects strength and 
appearance of certain bioplastic containers, but the sides of PLA-SP.A and PLA-SP.A-
BR containers facing shuttle trays also tended to have lower numerical ratings than those 
facing away from trays. Though these numerical differences are intriguing, our 
experiments were not designed to examine the effect of shuttle trays on bioplastic 
container aesthetics and strength. Further research on this topic would be beneficial, as 
many producers use shuttle trays to produce small-container crops.  
 Irrigation method may also influence aesthetics and possibly strength of more-
degradable bioplastic containers. In the 4.5-inch-diameter container trial PHA-DDGS 
containers received poor ratings overall from commercial growers, however, in the 
substrate VWC experiment appearance of these containers as almost always similar to 
that of petroleum-based plastic containers at both VWC setpoints. Commercial grower 
participants irrigated plants overhead via hose or boom, while plants in the substrate 
VWC experiment received microirrigations from drip emitters, and water was not 
allowed to leach. The lack of free water on container sidewalls or between shuttle trays 
and containers may have caused ratings of containers in the substrate VWC experiment to 
be higher than ratings in the grower trial with 4.5-inch-diameter containers.  
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 Many of the containers used in the research this thesis summarizes degrade over 
time, and that this degradation can be accelerated by environmental parameters and the 
presence of water. Additionally, plant containers are exposed to harsh physical and 
environmental stimuli in floriculture operations. Information on how these containers 
withstand various forms of automation and machinery used by floriculture producers (pot 
de-stackers, pot fillers, automated spacers, etc.) would be useful in further examining the 
practical implications of using bioplastic-based containers in commercial floriculture. 
Similarly, commercial producers store plant containers indoors and outdoors, and 
containers are exposed to a wide range of temperatures and moisture levels during 
storage. Investigating how different container storage locations and methods affect 
strength, appearance, and usability would be valuable. 
Including the results presented in this thesis, a great deal of information on growth 
and quality of plants grown in the bioplastic-based plant containers developed at Iowa 
State University exists. Two of the experiments reported in this thesis also showed 
favorable opinions and perceptions of bioplastic-based containers among commercial 
floriculture operations in the upper midwest US. There is not, however, sufficient 
information on interest in using bioplastic containers among a broader demographic of 
growers. Similarly, no information exists regarding container manufacturers’ willingness 
to produce these types of containers. This information would be valuable to container 
manufacturers in order to quantify demand for these containers.  
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